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Chapter 1
Introduction
1.1 General overview of the topic
In this thesis a life-cycle cost analysis (LCCA) procedure is proposed as a practical de-
sign approach for wind-sensitive structures, aimed at predicting monetary losses over the
structure lifetime. The general formulation of the LCCA (see Section 2.2), based on
performance-based design (PBD), examines the suitableness of a structure or its design
by considering a set of performance criteria on the basis of key Decision Variables (DV ) in
a probabilistic setting. As an example the annual losses due to the overcoming of one or
more established limit states can be considered as a DV in the design procedure. LCCA
is based on the evaluation of the sum of the initial construction costs and the lifetime
expenses, according to a certain level of the performance requested.
In this context, the following main research question needs to be answered:
 it is possible to develop a life-cycle cost-based design method specific for tall buildings
that responds to the needs of designer and stakeholders in terms of decision-making
quantities that can be understood by both?
Moreover, in order to tailor the design methodology to wind-excited tall buildings a sub-
question is also formulated:
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 how to account for all the uncertainties involved in the design process of tall buildings
under wind load with an acceptable computational effort?
In order to get answer to these questions, the challenge of this study is the development
of a modern life-cycle cost-based approach for the wind-resistant design of tall buildings
by considering all the types of uncertainties involved in the problem: those related to
the stochastic nature of the wind speed and direction, to the aerodynamic model, to the
structural properties and to the damage model.
With this aim, an automated procedure named Life-Cycle Cost Wind Design (LCCWD)
is proposed. The acronym LCCWD emphasizes the peculiar features of the procedure:
 it estimates the life-cycle cost (LCC) of the building;
 it is specific for tall buildings under wind load (W);
 it is a practical design approach (D), effective in comparing different design alterna-
tives.
Since LCCA has evolved recently from earthquake engineering, the basic LCCA method-
ology is consequently adapted in LCCWD in order to account for the different typology of
natural hazard and for the related damages. For example in tall slender buildings, damage
is mainly non-structural and it can affect façades, partition walls, installations or ceilings.
Only in the case of occurrence of very strong wind events like tornadoes, the structure can
experience structural damage and collapse of structural members.
One of the advantages of the use of the LCCWD procedure is that appropriate consid-
erations during the first phase of the design can avoid unexpected problems during the
building's lifetime. Another advantage, as schematically represented in Figure 1.1, is that
a cost-based ($) approach can broaden the perspective of managers and stakeholders by
including all the aspects related to the structure lifetime. Hence LCCWD tries to reconcile
two opposing needs: to optimize the invested capital cost (stakeholder) while maintaining
a selected performance level over time (designer). Therefore several phases are necessary
for the application of the LCCWD:
1. define the type of choice and goals;
2. define the project and the alternatives;
3. establish the design lifetime that is the time in which costs and benefits linked to a
certain investment have affected the interests of the investor who has to make the
decision;
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Fig. 1.1: The best design solution is recognized by stakeholders and designers.
4. identify the relevant costs and parameters for the comparison of the different alter-
natives.
Following each decision step it is possible to accept or to reject design alternatives and select
optimal and technically valid systems (for example the type of construction for structural
and nonstructural elements) or to decide among different structural control systems that
meet specific technical performance.
1.2 Motivations
 Scientific motivation.
Nowadays, a general trend is being established in design practice towards progres-
sively taller and lightly damped structures, with a consequent increase of the sensi-
tivity to wind loads. In particular, modern tall buildings can experience significant
wind-induced vibrations causing serviceability limit states crossing, non structural
damages and discomfort to occupants. Since many uncertainties are involved in the
design process, a traditional deterministic approach turns out to be inaccurate. Suit-
able and effective design techniques need to be available to engineers in order to
achieve the best solution, according to pre-established performance targets.
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On the one hand, in the case of the seismic design, probabilistic methods are widely
used and deeply treated in literature with the possibility of establishing different per-
formance objectives. On the other hand, performance-based methods are currently
not completely embraced in wind engineering and nowadays probabilistic theories
based on the PBD for the design of wind-sensitive structures represent an interesting
open issue.
 Economic motivation.
The overall cost of a durable building construction is represented by the initial cost
as well as the expenses for the utilization during its lifetime. In particular, the
economic aspect associated with the damage to nonstructural elements under ser-
viceability conditions, is today largely underestimated.
The estimation of the global cost can help decision-makers in choosing about the op-
portunity to invest in the structure, considering the phases of design, construction,
and management of the building. An effective global design approach which shows
the least long-term cost is a difficult achievement to obtain. As a matter of fact there
are typical problems and conflicts of interest. As well as the performances requested
from reliability engineering, the capital outlay can influence the design choices given
a number of alternatives from which to select, since it is usually clearly defined. This
last aspect can be considered in opposition to the criteria of the minimum mainte-
nance and repair cost. With different solutions it is possible to optimize operational
and maintenance costs over time and preserve future financial resources.
1.3 The LCCWD procedure
LCCWD consists of several steps, from preliminary design to cost evaluation. As schemat-
ically reported in Fig. 1.2, the outline of the procedure can be summarized as follows:
1. Preliminary design configuration. Depending on the customer requirements, on the
constraints imposed by the neighboring buildings and on the main characteristics
of the site, it is firstly necessary the development of a preliminary design of the
structure (structural elements, shape of the building, materials and so on). This
phase is necessary and needs to be carefully developed as the building's characteristics
influence the subsequent stages of the analysis and they are an important source of
expenses.
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Fig. 1.2: LCCWD basic steps.
2. Hazard analysis. In order to consider the realistic uncertainty related to wind load
characterization it is necessary to carry out experimental wind tunnel tests in a
reduced scale-model reproducing the exact geometry of the building. The possibility
of exploring different values of the wind speed and different wind directions allows
to include in the analyses the inherent stochastic nature of the wind hazard.
3. Structural analysis. The structural response is evaluated in terms of peak displace-
ments and accelerations for each specific wind hazard combination (wind speed in-
tensity and wind direction).
4. Damage analysis. As the first stage of the damage analysis, it is necessary to select
the most sensitive elements susceptible to the damage. Under the actions of mod-
erate winds, i.e., serviceability conditions, the damage can mostly pertain to non
structural elements (partitions, equipment, contents, etc...). The damage analysis is
in probabilistic terms and depends on the fragility information on the element type.
5. Loss analysis. Once the damage analysis is completed it is possible to evaluate the
losses over time of the building in terms of damage probability according to the
PEER (Performance Earthquake Engineering Research) approach. The probability
of damage can be associated with a certain level of performance.
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6. Cost evaluation. All the above steps allow the calculation of the expected life-cycle
cost including initial costs, operating costs (cost of failures, repair cost, downtime
cost) and maintenance costs. With the aim of minimizing or optimizing the cost over
time, steps 1 to 6 are repeated and different design cost-based scenarios are analyzed
and compared for a specific class of buildings.
The LCCWD procedure is deeply investigated in Chapter 4.
1.4 Main results
The main result of the research is the LCCWD methodology that offers an enhanced ap-
proach to the design of tall buildings, combining the needs of designers and investors. The
effectiveness of the LCCWD has been demonstrated by the numerical simulations on a
benchmark tall building by exploring different design solutions. Wind loads are evaluated
from experimental wind tunnel tests. Several configurations are compared and results show
the optimal design arrangement corresponding to the best cost-saving scenario.
Results obtained are clearly understandable with a cohesive representation for both tech-
nical and nontechnical audience.
Results can be divided into two groups:
1. Intermediate results
Considering the complexity of the LCCWD procedure, results are presented with
intermediate step by step explanations. The basic idea is that the procedure can be
easily reproduced and implemented in large scale for different applications.
2. The LLCWD global results
This part of the results intend to explain the LCCWD in a nontechnical language
with the aim to link the best economic design solution to specific engineering aspects
and the related achievable performance levels with comparative costs to reach these
levels. A global chart is proposed to compare the different solutions proposed.
1.5 Summary of the main contributions
LCCWD approach provides an automated tool that is easily adaptable to specific real
applications in order to achieve a design that simultaneously accounts for the needs of
customers and designers. The main features and novel contributions with respect to the
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existing literature on LCCA are deeply investigated in Chapter 2 and introduced as follows.
Various design aspects are included in the project such as:
 the capability of accounting for structural control systems in the damage probability
estimation and cost assessment;
 the effect of the wind directionality and the building orientation at a specific site;
 the design of outdoor and indoor distribution of non nonstructural elements.
LCCWD procedure accounts for the main sources of uncertainties:
 the wind load modeling;
 the structural modeling;
 the fragility models (related to the damage assessment of nonstructural elements).
The uncertainty associated with the aerodynamic load estimation and the structural model
is efficiently taken into account by parsing the experimentally measured generalized wind
forces ( Section 4.4.1).
For the characterization of nonstructural wind-induced damages, the proposed LCCWD
emphasizes the need for considering probabilistic experimental models.
1.6 Structure of the thesis
This thesis consists in 6 chapters and final conclusions. The main contents of each chapter
is summarized as follows:
 Chapter 1
A general overview of the topic is presented and the motivations that make the topic
an interesting research area are highlighted. The basic concepts and the main novelty
associated with LCCWD are briefly introduced.
 Chapter 2
A literature overview about LCCA for tall buildings is developed, highlighting the
differences with the seismic LCCA. In this chapter it is also introduced the concept
of structural control in a LCCA perspective. The LCCWD main novel contributions
with respect to the existing literature are highlighted.
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 Chapter 3
The basic concepts on the characterization of the dynamic response of tall buildings
under wind loads are explored. The last part of the chapter is devoted to briefly
introduce the currently used control methodologies for wind-sensitive structures.
 Chapter 4
The proposed wind-related LCCWD is deeply investigated with step by step expla-
nations.
 Chapter 5
The case study is described. Accurate indications are given about: the structural FE
modeling, the characterization of the wind load, the control system characteristics
and the adopted cost models.
 Chapter 6
Numerical results are carried out in terms of structural response, damage proba-
bility and life-cycle cost. Different cost-effective design solutions are analyzed and
compared.
 Chapter 7
This part collects conclusions of the thesis.
1.7 Glossary of common wind engineering terms
A glossary of common wind engineering terms is defined as follows (Holmes 2007; Simiu
and Scanlan 1996):
Aerodynamic damping Aerodynamic forces proportional to the velocity of a structure,
and additional to (or subtractional from) the structural damping.
Aerodynamics The study of the motion of air and its interaction with a solid object.
Aeroelasticity The study of the interactions among inertial, elastic and aerodynamic
forces.
Atmospheric boundary layer The lowest layer of air in the troposphere which is about
one km thick and forms the layer where the ground surface (land or sea) influences the
behavior of the atmospheric flows.
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Bluff body Body with a large frontal dimension, from which the airflow separates.
Background response That part of dynamic response to wind excluding the effects of
resonant amplifications.
Boundary layer Region of reduced air velocities near the ground or the surface of a
body.
Correlation Statistical relationship between two fluctuating random variables.
Gradient wind Upper level wind that can be calculated from the gradient wind equation
Gust factor Ratio of expected maximum to mean value of wind speed, pressure or force.
Gust response factor Ratio of expected maximum to mean structural response.
Lock-in The enhancement of fluctuating forces produced by vortex shedding due to the
motion of the vibrating body.
Logarithmic law A mathematical representation of the profile of mean velocity with
height in the lower part of the atmospheric boundary layer.
Mean-wind speed The average speed of wind flow expressed with a variety of averaging
times: fastest mile, three-second gust, one minute mean velocity, and mean hourly velocity,
typically measured at 10 m height.
Mechanical admittance Transfer function relating the spectral density of aerodynamic
forces to the spectral density of structural response
Peak factor Ratio of maximum minus mean value, to standard deviation, for wind
velocity, pressure, force or response.
Pressure coefficient Surface pressure made non-dimensional by the dynamic pressure
in the wind flow.
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Quasi-steady A model of wind loading that assumes that wind pressures on buildings
fluctuate directly with the fluctuations in wind speed immediately upstream.
Resonant Response A result of the turbulent component of the wind velocity, whose
frequencies coincide with the natural frequencies of the structure.
Return period Inverse of probability of exceedence of an extreme value.
Reynolds number Ratio of inertial forces to viscous forces in fluid flow.
Roughness length A measure of the aerodynamic roughness of a surface, which affects
the boundary-layer flow over
Spectral density A measure of the contribution to a fluctuating quantity (e.g. wind
velocity, wind pressure, deflection) within a defined frequency bandwidth.
Stationary Description of a random process whose statistical properties do not change
with time.
Strouhal number Non-dimensional vortex-shedding frequency.
Turbulence Fluctuations in fluid flow. In meteorology and wind engineering the term
gustiness is also used.
Vortex shedding The periodic shedding of eddies formed from the rolling-up of the
boundary shed from a bluff body.
Wake The area of low velocity and turbulent flow in the region downstream of a body.
Wind Motion of air with respect to the Earth's surface.
Wind tunnel boundary layer It is a testing section with flow characteristics that
mimics a target full-scale boundary layer used in aerodynamic research to study the effects
of wind on the built environment.
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Literature background and main
contributions
2.1 Introduction
Life cycle cost analysis (LCCA) is a type of approach aimed at evaluating the total lifetime
costs of a structure related to construction, maintenance, repair and disposal. It is used in
many research fields and it can be considered as a multidisciplinary subject. In the context
of the structural design, the LCCA embraces:
 the evaluation of the damage probability, adopting Performance-Based Design (PBD)
approach, devoted to the fulfillment of selected performance levels in a probabilistic
context;
 the analysis in terms of cost which associates a monetary value to the achievement
of the prefixed performance target.
With reference to Figure 2.1 (top left), LCCA can be considered as the conjunction of
PBD and the cost analysis, a design approach widely used in seismic engineering.
Recently, the PBD principles have been extended from the seismic field to wind engineer-
11
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Fig. 2.1: Schematic representation of the multidisciplinary subject.
ing (blue line in Figure 2.1) and the discipline of Performance-Based Wind Engineering
(PBWE) is emerging. Moreover when the PBWE joins up the basic concepts of the cost
analysis, LCCA is specialized for wind-sensitive structures.
In this context, the project focuses on the application of the LCCA in wind engineering
with the aim to use it as a design tool for tall buildings that enables comparison between
alternative design options, eventually including structural control systems. The design
approach is named LCCWD (Section 1.1).
With the main objective of framing the problem by identifying the major research trends,
the chapter is organized as follows:
Section 2.2 introduces the LCCA in the context of earthquake engineering by exploring
the literature background with reference to the basic PBD theory.
Section 2.3 treats the PBWE underlining the main differences with respect to the seismic
approach and presents a literature background on LCCA for wind-excited structures.
Section 2.4 shows some literature references in which the optimization of the building's
control systems is carried out exploiting a life-cycle approach.
Section 2.5 illustrates the literature gap in the field of LCCA for wind-excited structures.
Section 2.6 highlights the main improvements of LCCWD approach with respect to the
existing literature.
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2.2 Life-Cycle Cost Analysis
The LCCA is a probabilistic approach that has been recently considered in the struc-
tural design and it is a well established procedure in earthquake engineering. The LCCA
computes, in a probabilistic setting, the total lifetime cost of a specific design solution,
accounting for initial costs, repair and maintenance costs, downtime costs, disposal costs
and all the possible sources of cost that a structure encounters during its life-cycle.
The main goal of a LCCA approach is not reaching a certain performance level but main-
taining it in time by considering materials' deterioration, damage of structural and non-
structural elements, by performing consequent maintenance and repair interventions during
the lifetime of a building.
In recent years, since probabilistic approaches are replacing deterministic methodologies,
the LCCA is becoming a valid design tool as it allows accounting for the effects of uncer-
tainties involved in the design such as uncertainty in the wind load characterization, in the
structural and aerodynamic properties and in the damage occurrence (Mitropoulou et al.
2011). The early applications of the LCCA design approach go back to 1980s in USA and
are devoted to the optimization of ownership over the life span of an asset, as reported in
Arditi and Messiah (1996).
The basic theory of LCCA is presented in Wen and Kang (2001) where an analytic for-
mulation is proposed in order to evaluate expected total life-cycle cost (see Section 2.2.3).
In order to account for structural deterioration, structural and nonstructural damage,
maintenance and repair losses, many contributions have been given in the last decade for
developing different loss estimation models (Liu et al. 2004; Aslani and Miranda 2004;
Mitropoulou et al. 2011).
LCCA is often used in conjunction with optimization methods, with the aim of minimizing
the expected life-cycle cost (Frangopol and Maute 2003; Liu et al. 2004; Kaveh et al. 2014;
Barone and Frangopol 2014). In this framework the LCCA is considered as an integrated
aspect in the structural design procedure to reach a preselected structural performance
(Lagaros 2007). For example, in Liu et al. (2004), Lagaros (2013), and Lagaros and Kar-
laftis (2016), the construction cost is used as an objective function for the structural design
optimization of steel structures.
Yamin et al. (2017) proposes a methodology for the evaluation of the seismic vulnerability
of a specific site in terms of monetary losses. Different levels of structural performance can
be related to multiple earthquake hazard levels (Mitropoulou et al. 2015).
In Pandey and Weide (2017) the LCCA basic theory is adjusted to take into account re-
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newal processes.
Many applications of LCCA are devoted to comparing different retrofitting solutions and
planning maintenance schemes in existing bridges (Padgett et al. 2010; Okasha and Fran-
gopol 2011; Wang et al. 2015).
In Liu and Boaxia (2017) the LCCA method is presented to evaluate the long-term cost-
effectiveness of energy-efficient buildings.
2.2.1 Probability-based and cost-based codes
Since the early 1970, a number of probability-based codes and standards were internation-
ally developed. With the aim to give an ideal temporal evolution, some references are
reported in the following list:
 SEAOC Vision 2000 (Vision 1995) formulated by the Structural Engineers Associ-
ation of California, gives detailed discussions of performance-based approaches con-
sidering the design, construction and maintenance of buildings.
 Standard Practice for Measuring Life-Cycle Costs of Buildings and Building Systems
(ASTM/E917-02 2002) published by the American Society for Testing and Materials
represents the standard industry procedure for analyzing life-cycle costs;
 FEMA (Federal Emergency Management Agency) standards: Performance-Based
Seismic Design of Buildings  An Action Plan for Future Studies (FEMA-283 1996);
Action Plan for Performance-based Seismic Design (FEMA-349 2000); Guidelines
for Seismic Rehabilitation of Buildings (FEMA-356 2000);
 Next-Generation Performance Based Seismic Design Guidelines (FEMA-445 2006)
developed according to the Program Plan for New and Existing Buildings which is
a program addressed to engineers and designers to better work with stakeholders
in identifying the probable seismic performance of new and existing buildings. The
programs, as a collaboration project between the FEMA and the Applied Technology
Council (ATC), begun in 2001 and develops the general approach outlined in the
FEMA Action plan (FEMA-349 2000);
 Buildings and constructed assets (ISO-15686 2017). This international standard,
divided in 10 parts, provides an in-depth guide to life-cycle costing.
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 Minimum Design Loads for Buildings and Other Structures (ASCE6/7-10 2010). In
the commentary of current codes was introduced the concept of risk of structural
failure or collapse;
 Seismic Performance Assessment of Building 1,2,3 (FEMA-P-58 2012b; FEMA-P-58
2012c; FEMA-P-58 2012d) and the electronic Performance Assessment Calculation
Tool (FEMA-P-58 2012a). These three volumes and the electronic calculation tool
are the product of the 10-years work developed in the program plan with the col-
laboration of FEMA and ATC. These codes offer a methodology for the seismic
performance assessment with a large number of examples in a logical format.
It is worth noticing that the previous list is focused on the American standards and on the
International Organization for Standardization (ISO) but it should be noted that life-cycle
approach is spreading in the worldwide codes.
2.2.2 The Performance-Based Design (PBD) approach
In all the methods briefly reviewed above, the monetary loss assessment is related to the
estimation of the damage probability carried out in the context of the PBD approach.
This method is capable of taking into account the uncertainties related to the hazard
event occurrence, the actual response of building systems and the potential effects of the
performance of these systems on the correct functionality. The achievement of certain
pre-established performance levels becomes therefore a key issue in the structural design
process.
Figure 2.2 illustrates the iterative design process which involves the following key steps (De-
sign guide for improving School Safety in Earthquakes, Floods and High Winds - Chapter
2 ):
 Selection of performance objectives (ultimate limit states or service limit states thresh-
olds considering structural or nonstructural damages with the derived economic
losses);
 Development of preliminary design;
 Evaluation of the performance capability ;
 Comparison between the performance level obtained and the preselected one;
 Review of the initial design up to convergence.
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Fig. 2.2: Performance-based design diagram (Design guide for improving School Safety in
Earthquakes, Floods and High Winds - Chapter 2 ).
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The assessment of the performance is based on the Pacific Earthquake Engineering Research
(PEER) equation, which allows computing the probability of exceeding a pre-defined dam-
age threshold. Once the failure probability is obtained, the related economic losses can be
computed (Kunnath 2006; PEER-TBI 2010; Ramirez et al. 2012; Ramirez and Miranda
2012). This procedure allows to take into account several uncertainty sources in the load,
structural and damage models.
The PEER equation, is based on the total probability theorem (Cornell and Krawinkler
2000; Kunnath 2006; PEER-TBI 2010). The total probability theorem, given the events
A,E1, ..., EN can be summarized by the following equation:
P (A) =
N∑
i=1
P (A|Ei)P (Ei) (2.1)
where Ei are mutually exclusive events. Equation (2.1) means that the knowledge of the
conditional probabilities P (A|Ei) and of the singular probabilities P (Ei) enables the com-
putation of the unconditional probability P (A). Considering a distributed random vari-
ables x, Equation 2.1 can be used to evaluate the (complementary cumulative distribution
function) CCDF of the continuous x:
CCDF(x) =
∫ +∞
−∞
CCDF(x|y)f(y)dy (2.2)
where CCDF(x|y) is the CCDF of x given a certain outcome of a continuous variable y.
As shown in Figure 2.3, the PEER-based approach can be divided into the following steps:
1. hazard analysis, for the load characterization;
2. structural analysis, for the evaluation of the structural response;
3. damage analysis, to relate the structural response to the probability of damage;
4. loss analysis, to relate the damage to the associated life-cycle cost.
The application of the methodology requires the evaluation and the choice of the following
parameters (PEER-TBI 2010):
 Intensity Measure (IM) which represents a measure of the seismic intensity useful
to be used for the subsequent steps. It could be defined in terms of peak ground
acceleration, spectral acceleration and magnitude;
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Fig. 2.3: PEER performance-based evaluation framework (PEER-TBI 2010).
 Engineering Demand Parameters (EDPs) which represent a limited set of variables
that characterize the structural response (displacements, accelerations, stresses and
so on). These variables need to be correlated to a damage state and to a performance
level. The measure of interest is the conditional probability f(EDP |IM);
 Damage Measures (DMs) which represent the connection between EDP and the
damage. Usually DMs are expressed in terms of fragility functions f(DM |EDP )
(Section 4.6);
 Decision Variables (DV s). An example of DV s are the expected annual economic
loss, mean annual frequency of collapse, fatalities, repair duration or injuries which
are correlated with DMs.
Note that IM , EDP , DM and DV can potentially also be vectors.
Considering Equation (2.2), the total probability theorem can be used to evaluate the
CCDF of a DV . In principle, as highlighted in Figure 2.3, DV depends on the state
of the structure as characterized by a set of damage measures (DMs). Moreover DMs
depend on EDPs which in turn depend on IM. Therefore, in general it is possible to write
DV (DM(EDP (IM))). In probabilistic terms, the previous relation means that three
conditional probabilities DV |DM , DM |EDP and EDP |IM need to be evaluated.
Hence, the CCDF of DV , i.e. G(DV ), according to Equation (2.2), can be evaluated with
a triple integral:
G(DV ) =
∫ ∫ ∫
G(DV |DM) |f(DM |EDP )| |f(EDP |IM)| f(IM)dIMdEDPdDM
(2.3)
where f(·) is the probability density function.
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2.2.3 Formulation of life-cycle cost
The LCCA allows to determine the global cost of a structure, considering its entire lifetime.
The global cost of a structure is the sum of the initial construction costs and all the expenses
that are encountered during the lifetime. Typical LCC analyses are therefore based on (Life
Cycle Costing):
 investment costs and all the associated costs such as installation, design expenses;
 operating costs, including utility costs, disposal costs and maintenance costs;
 end-of-life costs such as removal, recycling or refurbishment.
The estimation of the global cost is aimed at assisting decision makers in the choices
regarding the opportunity to invest in the building process considering the phases of design,
construction and management of the building. Hence, the initial cost needs to be compared
with life-cycle costs to determine the design that performs best.
In Wen and Kang (2001), a general equation for the evaluation of the expected life-cycle
cost is proposed:
E[C(t)] = C0 + E[
L∑
l=1
K∑
j=1
Cje
−λtlPlj(tl)] +
∫ t
0
Cme
−λtldτ (2.4)
In the previous equation E[.] denotes expected value; l is the loading occurrence number;
L is the total number of loading occurrences between time 0 and time t; j is the limit state
number; K is the total number of limit states under consideration; Plj is the probability
of exceedence of the jth limit state; Cj is the cost of the j
th limit state reached supposed
as a deterministic quantity; Cm is the operation and maintenance cost per year; λ is the
discount rate per year which allows the conversion of the costs in present dollar values; tl
is the loading occurrence time (random variable).
Implicit in the formulation of Equation (2.4) is the assumption that after each hazard
occurrence the structure is restored to its original condition.
Equation (2.4) can be evaluated in closed form under the hypothesis that the hazard
occurrence is modeled by a Poisson process with occurrence rate of ν per year.
A continuous-time stochastic process L(t) : t ≥ 0 is a Poisson process with rate λ > 0 (Last
and Penrose 2017) if:
 L(0) = 0;
 it has stationary and independents increments;
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 L(t) follows a Poisson distribution, i.e. a discrete probability distribution for the
counts of events that occur randomly in a given interval of time (or space), with
mean λt:
P (L(t) = l) =
(λt)l
k!
e−λt (2.5)
with l = 0, 1, 2, ...
Conditional on L(t) the occurrence times tl are independent and uniformly distributed in
(0, t). Therefore the expectation terms in Equation (2.4) with respect to tl can be evaluated
as follows:
E
[
L∑
l=1
e−λtl
]
=
L∑
l=1
Ee−λtl = l
∫ t
0
e−λtdτ
t
=
l
tλ
[1− e−λt] (2.6)
considering the number of occurrences:
∞∑
l=0
l
tλ
(1− e−λt)(νt)
l
l!
e−νt =
1
tλ
[1− e−λt]
∞∑
l=0
l
(νt)l
l!
e−νt =
1
tλ
[1− e−λt]νt = ν
λ
[1− e−λt]
(2.7)
By substituting Equation (2.7) in (2.4) the expected cost can be written in closed form
(Wen and Kang 2001; Kiureghian 2005):
E[C(t)] = C0 + (C1P1 + C2P2 + ...+ CjPj)
ν(1− e−λt)
λ
+
Cm
λ
(1− e−λt) (2.8)
Note that λ is called rate of the process and as λ increases, severe loads tend to arrive
faster.
Equation (2.8) can be adjusted in order to consider different loading sources. Moreover
the approach is general and different limit states can be considered (Lagaros 2013).
2.3 LCCA in wind engineering
LCCA is a well established process in earthquake engineering, as confirmed by the tem-
poral evolution of the probability-based codes and by the literature on the topic (Sections
2.2.1 and 2.2), while in wind engineering considerable efforts are still needed to improve
applicability of the methods and models. In the case of wind engineering, theory related to
the performance-based design needs to be increased in order to consider the strong correla-
tion between the structure and the wind field which can cause aerodynamic and aeroelastic
phenomena (Norton et al. 2008).
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Fig. 2.4: Performance based wind Engineering scheme (Ciampoli et al. 2011).
In Ciampoli et al. (2011) a performance-based design approach for wind engineering called
PBWE (Performance Based Wind Engineering) is formalized for the first time. The basic
concepts of PBWE are summarized in Figure 2.4. The general framework proposed takes
into account the uncertainty related to the wind load characterization due to its inherent
stochastic nature and the uncertainty in the aerodynamic models and structural properties
of the building which can be relevant to the response estimation.
On the basis of the previous considerations, Equation (2.3) is modified as follows:
G(DV ) =
∫ ∫ ∫ ∫ ∫
G(DV |DM)f(DM |EDP )f(EDP |IM, IP, SP )
f(IP |IM, SP )f(IM)f(SP )dDMdEDPdIMdIPdSP (2.9)
where f stands for probability density function.
With respect to Equation (2.3) symbols assume different meaning as outlined below (Petrini
et al. 2013; Tessari et al. 2017):
 Intensity Measures (IMs) include the parameters that describe the site-specific haz-
ard (mean-wind velocity, turbulence, mean-wind direction);
 Interaction parameters (IPs), added with respect to the original formulation, repre-
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sent the interaction between the environment and the structure (aerodynamic coef-
ficients and aeroelastic derivatives);
 Structural parameters (SPs), added with respect to the original formulation, repre-
sent the randomness of material and geometrical properties which can influence the
structural and the dynamic behavior. The probabilistic correlation between IP and
IM can be based on wind tunnels tests (Section 3.4) or simulation techniques;
 Engineering Demand Parameters (EDPs), related to a damage state and conse-
quently to a performance level, represent the variables that characterize the struc-
tural response (interstory drift, accelerations, stresses and so on);
 Damage Measures (DMs) represent the connection between EDP and the damage
due to the wind action. As in the seismic field, DMs are usually expressed in terms
of fragility functions f(DM |EDP ) (Section 4.6). Typical DMs, caused by excessive
vibration or displacements, can be described by the damage associated to struc-
tural or nonstructural components or by the downtime losses caused by occupants'
discomfort;
 Decision Variables (DV s) quantify the performance objectives as a function of DMs
by considering two categories (Augusti and Ciampoli 2008): low performance levels
(structural integrity, safeguarding human life); high performance levels (occupants'
comfort, structural serviceability).
With reference to Figure 2.4 the PBWE assessment can be divided into the following
categories:
1. site-structure hazard analysis. Outcomes: f(IP |IM, SP ), f(IM) and f(SP );
2. structural analysis. Outcome: f(EDP |IM, IP, SP );
3. damage analysis. Outcome: f(DM |EDP );
4. loss analysis. Outcome: G(DV |DM).
Capitalizing from the PEER approach (Section 2.2.2), the major advance (Tessari et al.
2017) provided by the PBWE methodology is the possibility to consider separately the
parameters that characterize the structural behavior (SP ) from parameters that qualify
the wind field (IM) which are assumed as uncorrelated.
Moreover, unlike earthquakes, winds have instability phenomena related to fluidstructure
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interaction and for this reason the IPs (interaction parameters) have been introduced.
The parameters IPs depend on both IM and SP .
Some recent works present relevant contributions in the design of wind-sensitive struc-
tures according to probabilistic approaches derived from seismic engineering field. Among
the others in Ciampoli and Petrini (2012) the method is employed to assess the risk of
exceeding serviceability limit states in tall buildings subjected to wind load while in Poz-
zuoli et al. (2013) the occupants' comfort in a high-rise structure is evaluated with a
performance-based methodology by including aeroelastic effects. Petrini et al. (2013) per-
formed an extensive literature review on damage and loss analysis in order to expand the
PBWE procedure. Griffis et al. (2013) propose a framework procedure for the design of
new buildings focusing on nonlinear dynamic analysis of structures. In Bobby et al. (2014)
the performance-based approach is used for the structural optimization. In Spence and
Kareem (2014) the research focus is devoted to the definition of site-specific wind hazard
models and to the derivation of suitable fragility functions as well as of consequence func-
tions that can rationally assess damage and monetary losses. In Bernardini et al. (2015)
and Zhao and Yu (2013) the PBD is used as a design indication for the high-rise buildings
occupant's comfort. The PBWE was also applied for the evaluation of the performance of
steel towers (Tessari et al. 2017).
A few recent works concerning life-cycle cost analysis of structures under wind loads present
relevant contributions in this field by adopting several concepts and methods from the seis-
mic engineering field. Seo and Caracoglia (2013), Cui and Caracoglia (2015), and Cui and
Caracoglia (2016a) propose a numerical framework to estimate the life-cycle monetary
losses due to the wind-induced damage on long-span bridges and tall buildings. A risk
design optimization method for optimizing life-cycle costs and functionality of tall build-
ings is proposed in Li and Hu (2014). Minimization of life-cycle cost is also explored for
the optimal design of tall buildings under wind load (Huang et al. 2016; Chen 2011) and
for steel wind towers (Lagaros and Karlaftis 2016). More recently a general probabilistic
framework for the cost assessment is proposed in Chuang and Spence (2017) by considering
probable repair costs and downtime of both collapse and noncollapse performance.
In the case of extreme events the software Hazus-MH, implemented by the Federal Emer-
gency Management Agency (FEMA), could be used for the estimation of potential losses
due to hurricanes in the U.S. territory (Vickery et al. 2006). Recently hurricanes and strong
winds were treated by some authors (Chung Yau et al. 2011; Bjarnadottir et al. 2014) and
a probabilistic framework named PBHE Performance-based Hurricane Engineering is pro-
posed in Barbato et al. (2013).
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In recent years, life-cycle loss estimation methodologies have also been proposed for struc-
tures subjected to multiple-hazards. A general framework for the LCCA of tall buildings
subjected to both seismic and wind excitation is discussed in (Venanzi et al. 2017; Aswegan
et al. 2017). In Asprone et al. (2010), a probabilistic model for multi-hazard risk estimation
for a reinforced concrete structure subjected to blast threats in the presence of seismic risk
is developed. In Jalayer et al. (2011) a methodology is presented for LCCA of critical in-
frastructures accounting for uncertainty in the occurrence of future events due to different
types of hazard and for deterioration of the structure after a series of events. Multi-hazard
risk due to earthquakes and hurricanes is considered in Kameshwar and Padgett (2014) for
the LCCA of a portfolio of highway bridges. In Mahmoud and Cheng (2017), the life-cycle
cost of two different steel buildings under wind and earthquake is examined.
The need for using a life-cycle approach in the field of energy-saving for the energy perfor-
mance of tall buildings is emphasized in Tschanz and Davenport (2016).
2.4 The structural control in a LCCA perspective
Minimization of the life-cycle cost is also explored for the optimal design of tall buildings
under wind load and equipped with control devices.
Most of the existing design methods identify those control systems that satisfy, at the
same time, initial economic targets and specific performance levels. The adoption of con-
trol systems is an important initial investment that can lead to significant intervention
cost savings during the structural lifetime (reduced maintenance and repair). Therefore,
the control system optimization procedure should take into account not only the initial
cost but also the projected future savings due to the presence of the device in a life-cycle
perspective.
In Beck et al. (2014) an approach combining statistical linearization with time-variant
reliability analysis concepts is used to formulate a total expected life-cycle cost optimiza-
tion problem and it is applied to the optimal design of non-linear hysteretic stochastic
dynamical systems. In Wang et al. 2016, the life-cycle downtime cost, related to discom-
fort perception, is explored for the optimal design of tall buildings under wind load and
equipped with control devices. In Zhao and Yu (2013) life-cycle cost criteria of high-rise
buildings equipped with TMDs is used as a target design indication for occupants' comfort.
The human comfort is used as a performance threshold.
The LCCA is also a valid tool to evaluate the performance of structural control systems for
seismic vibration mitigation. In Matta (2015) a life-cycle cost-based method for evaluating
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the seismic effectiveness of tuned mass dampers on inelastic building structures is pre-
sented. In Taflanidis and Beck (2009), a systematic probabilistic framework is presented
for the optimization of the life-cycle cost of engineering systems equipped with viscous
dampers under seismic load. In Wong and Harris (2013) a cost analysis for actively con-
trolled structures is developed. In Shin and Singh (2017) a life-cycle cost-based framework
to obtain optimal design of yielding metallic devices is proposed. In Dyanati et al. (2017)
the seismic performance and economic effectiveness of two prototype buildings utilizing
self centering concentrically braced frames are assessed and compared with the not self
centering ones.
2.5 Literature gap
For the sake of completeness in the literature review it is useful to more specifically describe
the main literature gap with reference to previous works on the topic:
1. Focusing on the individual aspects concerning the design of wind-excited tall build-
ings, the methodologies proposed in the current literature are difficult to generalize
since they deal with aspects of the design separately under specific conditions (Sec-
tion 2.3). Consequently the applicability of a complete LCCA to real cases is not
considered.
2. In the current works regarding wind engineering applications (Section 2.3), practical
design issues are not included such as the geographical location, wind directionality
effects (building orientation) or the choice of nonstructural elements (type, numbers,
location).
3. The literature on this topic is largely conceptual in nature with a small amount
of data referring to possible real applications and to how stakeholders can make a
decision on the basis of a common decision variable. As a matter of fact cost analysis
is often neglected since costs data are too commercially sensitive and are difficult to
be quantified. Therefore, the possibility to choose the best solution over the project
life-cycle of different suitable alternatives is not enough stressed.
4. The most literature studies concerning LCCA of wind-exposed tall buildings (Section
2.3), assume the intervention and repair cost to be directly associated with the prob-
ability of exceeding a pre-selected limit state at a global or floor level (Ciampoli et al.
2011; Cui and Caracoglia 2015; Spence and Kareem 2014). As a matter of fact the
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wind-induced effects (especially for non-structural components) are often neglected
because of the lack of extensive experimental tests in the wind-induced damage. The
lack of experimental fragility data in the field of wind engineering confirms the need
of further investigating these design approaches based on the estimation of the losses
during the building lifetime.
5. Just a few works deal with a detailed examination of serviceability limit states, which
are not exclusively associated with occupants' comfort or excessive displacements
(Pozzuoli et al. 2013; Zhao and Yu 2013; Spence and Kareem 2014; Bernardini et al.
2015) but also with the damage on nonstructural elements .
6. Most of the literature works concerning the installation of control systems (Section
2.4) on high-rise buildings are aimed at optimizing the cost of the device. Indeed, it
is a common opinion to associate relevant initial costs to the installation of a control
device. The examination of the cost savings over time is not included in current
works.
2.6 Innovative contributions
Though many research works are devoted to LCCA, its use is still far from being system-
atic and general in practical applications.
Capitalizing from the existing literature and from recent advancements of LCCA methods,
the main objective of LCCWD is to provide a general and computationally efficient pro-
cedure for the design of tall buildings under wind loads. Cost accumulation over time is a
measure of the optimal design, achieved by comparison of alternative solutions.
LCCWD has been developed with the aim of overcoming the main limitations in the current
literature. The main features and novelties are summarized below:
1. LCCWD tries to develop a general framework (Section 4.1) identifying the important
aspects that have to be taken into consideration in the design phase (literature gap
1). The LCCWD approach provides an automated tool that is easily adaptable to
specific real applications in order to achieve the best design configuration.
The possibility to compare different feasible alternatives is beneficial for designers
and stakeholders because it allows taking into account simultaneously the needs of
both.
2. LCCWD procedure focuses on the potential benefits of an automated life-cycle pro-
cedure (literature gap 1) with a certain number of INPUT data (Chapter 4):
26
Chapter 2 Literature background and main contributions
 structural characteristics (materials, shape, etc);
 control system characteristics;
 wind load measurements;
 geographical location and consequent information about the probability distri-
bution of mean-wind speed and direction;
 fragility curves related to nonstructural components;
 cost data
and an OUTPUT result (Chapter 4):
 expected life-cycle cost that represents a decision variable that allows to choose
between the various design alternatives (Sections 4.10 and 6.6). The way in
which the results are presented makes the approach comprehensive to both
designers investors allowing a practical application(literature gap 3).
3. LCCWD procedure allows to account for (literature gap 2):
 wind directionality
 building's orientation with respect to the prevailing winds at a specific site
(Sections 4.9.2 and 6.3).
 design of outdoor and indoor distribution of non nonstructural elements (i.e.
glass façades, partition walls and others), which are considered strictly depen-
dent on the building's destination of use which in turn becomes an integral part
of the design (Sections 4.9.4 and 6.5.1).
4. LCCWD allows to differentiate the approach proposed for wind engineering in com-
parison with the well-established approach in seismic engineering. Indeed, the trans-
fer of the PEER equation (Equation 2.3) is not in general adaptable to wind engineer-
ing. The arrival of an earthquake is not predictable and can cause severe damages
and the performance objectives are devoted to collapse prevention and life safety.
LCCWD specializes the performance objectives in the case of wind engineering by
considering the damage on secondary systems and nonstructural elements while the
main structural system remain linear (literature gap 5).
5. The fundamental sources of uncertainty are considered: those associated with aero-
dynamic loads, wind load intensity, directionality and fragility models. Uncertainty
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in the wind load estimation is examined and used to assess the probability distribu-
tions of the damage-related response components by splitting the wind tunnel records
in several segments corresponding to independent realizations of the stochastic load
process (Section 4.4). The procedure is computationally efficient since wind tunnel
records are used and converted to generalized forces along with their uncertainty,
enabling the analysis in the frequency domain.
The mean-wind speed intensity and direction randomness can be taken into account
in the computation of the expected life-cycle cost by using experimental data at a
specific site or by using literature data. By accounting for the probability distribu-
tion of the wind direction, the life-cycle cost is evaluated as a function of both time
and building's orientation angle.
Fragility models are represented with fragility curves (Section 4.6).
6. As concerns the structural analysis, the randomness of IP is indirectly taken into
account by evaluating the peak response and the corresponding value of the selected
EDP parameters for each one of the N segments of wind tunnel data (Section 4.4)
which allows the calculation of the PDF of EDP . This approach and the frequency
domain analysis allows to overcome one of the main disadvantage related to the ap-
plication of a life-cycle cost approach: the high required computational time and the
extended data processing.
It is worth noticing that structural modeling uncertainty might include other vari-
ables such as frequencies, modal damping ratios, mode shapes and other variables
that are non-deterministic. For the purpose of this thesis the uncertainty charac-
terization is primarily concentrated on the fundamental source of uncertainty in tall
buildings, the wind load, but the approach is general and allows to include in the
models all the uncertain variables.
7. In the LCCWD approach, the cost is indirectly related to the probability of exceeding
a damage state obtained by incorporating specific structural fragility functions at
the component level (Section 4.6). The proposed LCCWD emphasizes the need for
considering realistic experimental models for the characterization of nonstructural
wind-induced damages (literature gap 4).
8. Intervention and repair costs related to structural elements are accumulated along
both principal lateral deformation planes of the building by considering the torsional
effects (Section 5.3).
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9. LCCWD procedure allows accounting for the presence of structural auxiliary damp-
ing devices (Section 4.9.3) and overcomes the traditional preconception for which
the installation of the control device significantly increases the required investment
(literature gap 6).
An improvement of the proposed LCCWD procedure, compared to the existing meth-
ods, is related to the capability of accounting for the control system in the lifetime
damage probability estimation and cost assessment (Sections 4.8 and 4.7).
The LCCWD approach emphasizes the need to evaluate the ratio costs/benefits over
time through the estimation of the long-term investment costs for the installation of
the control system.
10. Since LCCA for wind-excited tall buildings is not largely used, to date, no acronyms
have been identified. The proposed approach in this thesis is named LCCWD in
order to globally characterize the framework (Section 1.1).
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Response of tall buildings to
dynamic wind loading
3.1 Introduction
Before entering into the discussion, it is appropriate to recall some basic concepts on the
characterization of the dynamic response of tall buildings under wind loads.
There is no absolute definition of what constitutes a tall building because it depends on
the height relative to the context, the proportions between height and width and the em-
bedded technologies.
From the structural design point of view, a building can be considered tall when the struc-
tural analysis and consequently the structural design is primarily affected by the swing
caused by lateral loads (wind/earthquake) (Taranath 1998).
Figure 3.1 shows the average height of the tallest 100 buildings in the world and the av-
erage height of all buildings higher then 200 m. From the figure it can be noted that in
the last decade the average height of the tallest structures continues to rise into the sky,
constantly introducing new challenges in structural engineering.
As a matter of fact these modern tall buildings can be classified as wind-sensitive struc-
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tures since they usually are light in weight, slender, and could have relatively low damping
ratios.
Wind can be defined as air circulation on the Earth's surface linked to the air mass and
to the atmospheric pressure. In the atmosphere, the air masses move from a high pressure
Fig. 3.1: World's tallest buildings average heights (Council on Tall Buildings and Urban
Habitat, CTBUH ).
zone to a low pressure zone, forming the wind. The movement is regulated by complex
thermodynamic and mechanical phenomena that change over time and space.
Wind can be weak, strong and moderate and a classification called Beaufort Wind Scale
was devised by Sir Francis Beaufort in 1805 (Table 3.1), which explains the wind's inten-
sity based on it's effects on land. Several higher categories were added in time to better
account for hurricane winds.
Table 3.1: Sir. Francis Beaufort (1805) wind scale
Beaufort number Wind speed [m/s] Seaman's term Effects on land
0 <0.3 Calm Calm, smoke rises vertically
1 0.3-1.5 Light Air Smoke drift indicates wind direction, still wind vanes
2 1.6-3.3 Light Breeze Wind felt on face, leaves rustle, vanes begin to move
3 3.4-5.5 Gentle Breeze Leaves and small twigs constantly moving, light flags extended
4 5.6-7.9 Moderate Breeze Dust, leaves, and loose paper lifted, small tree branches move
5 8.0-10.7 Fresh Breeze Small trees in leaf begin to sway
6 10.8-13.8 Strong Breeze Larger tree branches moving, whistling in wires
7 13.9-17.1 Moderate Gale Whole trees moving, resistance felt walking against wind
8 17.2-20.7 Fresh Gale Twigs breaking off trees, generally impedes progress
9 20.8-24.4 Strong Gale Slight structural damage occurs, slate blows off roofs
10 24.5-28.4 Whole Gale Seldom experienced on land, trees broken or uprooted, "considerable structural damage"
11 28.5-32.6 Storm Very rarely experienced; accompanied by widespread damage
12 32.7 Hurricane Force Violence and destruction
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In this Chapter, the characterization of wind effects on tall buildings is briefly reviewed,
along with a synthetic discussion on the control solutions for wind-excited high-rise struc-
tures. It is emphasized that this chapter does not intend to present a complete discussion
on wind response of tall buildings but it focuses on the topics and on the analytical models
needed to understand the research work presented in Chapters 4− 5− 6.
The following Sections are organized as follows:
Section 3.2 reports an introduction on the effects on tall buildings with a particular atten-
tion on turbulence and vortex shedding phenomena.
Section 3.3 is devoted to characterize the dynamic response of wind-excited tall buildings
by considering aerodynamic effects.
Section 3.4 briefly presents the most used experimental wind tunnel tests techniques.
Section 3.5 introduces the structural control methodologies for wind-excited tall buildings
focusing in particular on Tuned Mass Damper (TMD).
3.2 Wind load characterization
3.2.1 Wind turbulence
With the aim to characterize the wind action, Figure 3.2 reports the variability of wind
power spectral density over different frequencies/timescales (Hoven 1957). From the figure
two peaks can be noted in the low frequency zone and a third peak is evident in the high
frequency area. The first peak corresponds to about 4 days and represents the typical
development of a storm. The second peak corresponds to the daily (day/night) wind
period, representing variable breezes with a period of about 12 hours. The third peak at
about 1-2 minutes is due to the atmospheric turbulence. In the center of the graph, the
spectral power density displays a minimum within a time range of 10 minutes to 1 hour.
This area, called spectral gap, provides information for the experimental evaluation of the
wind load: since the variance is small and constant, the speed of the wind can be calculated
by averaging recordings over a period of 10 minutes to 1 hour. The gap allows to separate
macro-meteorological (storm) and micro-meteorological effects (turbulence).
On the basis of the previous considerations it is possible to clearly distinguish the stationary
components of the wind V¯u, V¯v and V¯w (which does not experience large changes from hour
to hour) and the turbulent components vu, vv, vw. The directions u, v (horizontal) and w
(vertical) are specified in Figure 3.3. Consequently it is possible to define the wind velocity
V in the three principals directions as the sum of the average value (V¯ ) obtained over a
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Fig. 3.2: Horizontal wind speed spectrum at Vrookhaven National Laboratory at about
100-m height in synoptic conditions (Hoven 1957).
u
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w
Fig. 3.3: Principal directions u, v, w of wind velocity and of wind turbulence.
period of 10-60 and of the fluctuating turbulent component:
Vu(z, t) = V¯u + vu(z, t) (3.1)
Vv(z, t) = V¯v + vv(z, t) (3.2)
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Vw(z, t) = V¯w + vw(z, t) (3.3)
The mean component characterizes the steady nature of wind. Typical profile of the mean-
wind speed in the earth's atmospheric boundary layer is shown in Figure 3.4. The friction
force derived from the earth's surface influences the air movement with a consequent de-
crease of the mean wind speed close to the ground. This effect is reduced with height up to
a certain z called gradient height (δgr), known as the height of the atmospheric boundary
layer. Above δgr the speed of the wind follows the isobars (Gradient velocity Vgr).
z 
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wind speed 
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speed profile 
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Fig. 3.4: a schematic representation of the mean wind speed of a generic tall building.
Two models can be used to describe the mean wind profile: the power law and the loga-
rithmic law. For the sake of simplicity the two models are reported for the u component.
The first model used is the power law, given by:
V¯u(z) = V¯u(zref )(
z
zref
)α (3.4)
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where V¯u(zref ) is the mean-wind speed at the reference height zref and α is the power
law exponent which depends on the terrain type. The second model (logarithmic law) is
described by:
V¯u(z) =
1
κ
v∗ln
z
z0
(3.5)
where κ ≈ 0.4 is the Von Karman constant, z0 is the soil roughness and v∗ =
√
τ0/ρ is the
friction velocity depending on the surface shear stress τ0 and on the air density ρ.
Fluctuating components of wind velocity vu, vv and vw show gustiness of the wind. The
turbulence is considered as a random process and needs to be studied with appropriate
statistical models. In many cases it is justified the simplification that the wind turbulence
is an ergodic and stationary Gaussian process and the first two statistical moments allow
to characterize it completely. However, many research studies are devoted the evaluation
of the structural response by considering the wind non-Gaussianities (Blaise et al. 2016).
A physical description of the turbulence is given by the characterization of the following
quantities (Borri and Pastò 2006):
1. turbulence intensities;
2. integral and time scales of turbulence;
3. power spectral density.
1. The turbulence intensities I, corresponding to the fluctuating components of the wind
velocity vu (longitudinal), vv (lateral), vw (vertical), can be computed as follows:
Iu(z) =
σu(z)
vu
(3.6)
Iv(z) =
σv(z)
vv
(3.7)
Iw(z) =
σw(z)
vw
(3.8)
where σu(z), σv(z), σw(z) are the root mean square (RMS) of the fluctuating com-
ponents. The term σu(z) can be evaluated as (Holmes 1987):
σu(z) = E[u(z)
2]0.5 (3.9)
The lateral and vertical turbulence components are generally lower in magnitude
than the corresponding longitudinal value and, for well-developed boundary-layer
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winds, can be evaluated in a simple manner as a function of the friction velocity u∗
(Holmes 1987).
σv(z) ≈ 2.2u∗ (3.10)
σw(z) ≈ 1.3− 1.4u∗ (3.11)
2. Obtaining the average sizes of eddies in a turbulent wind flow is important both for
experimental and numerical simulations. The average sizes of eddies is described by a
quantity known as the integral length scale (Simiu and Scanlan 1996). Corresponding
to each of the fluctuating components of the wind velocity (vu, vv, vw), there are
three integral lengths scales corresponding to the coordinates (x, y, z) with a total
of 9 scales. Considering the longitudinal component, the integral time scale can be
computed as the area under the auto-correlation curve Rvu1,vu1 of the fluctuating
components of the velocity:
Lxvu =
1
σ2u(z)
∫ ∞
0
Rvu1,vu2(x, τ = 0)dx (3.12)
where τ is the time lag and vu1(x1, t1) is the turbulence at the point 1 and vu2(x1 +
∆x, t1 + τ) is the turbulence at the point 2. Considering the Taylor's hypothesis
(Taylor 1938) that the flow disturbance vu travels with mean velocity V¯ , L
x
vu can be
written:
Lxvu =
V¯
σ2u(z)
∫ ∞
0
Rvu(τ)dτ (3.13)
Considering the wind flow in a certain time interval, the average time taken for the
fluctuating components of the wind speed is described by a quantity known as the
integral time scale:
Tvu(z) =
∫ ∞
0
Rvu(z, τ)dτ (3.14)
3. The turbulent nature of wind flow creates eddies of variable sizes which overlap with
different frequencies and energies. The turbulence spectrum gives information about
the vortex frequency content. Several empirical equations have also been suggested
by different researchers for computing the longitudinal and transverse components of
the wind velocity of which some examples are given (Borri and Pastò 2006):
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 Von Karman (longitudinal)
nSvu,vu(z, n)
v2∗
= 4
nLxvu
V (z)
1[
1 + 70.8
(
nLxvu
V (z)
)2](
5/6)
(3.15)
 Davenport (longitudinal)
nSvu,vu(z, n)
v2∗
= 4
(
1200n
V10
)2 1[
1 +
(
1200n
V10
)2]4/3 (3.16)
 Kaimal (longitudinal)
nSvu,vu(z, n)
v2∗
=
200n
(1 + 50n)5/3
(3.17)
 Kaimal (transverse)
nSvv ,vv(z, n)
v2∗
= 15
nz
V (z)
1[
1 + 9.5 nzV (z)
]5/3 (3.18)
 Lumley and Panofsky (transverse)
nSvw,vw(z, n)
v2∗
= 3.36
nz
V (z)
1[
1 + 10 nzV (z)
]5/3 (3.19)
3.2.2 Vortex shedding
In aerodynamics, a bluff body is the one which has a length in the flow direction close
or equal to that perpendicular to the flow direction. Most of the man-made structures
are bluff bodies. A principal feature of the flow around bluff bodies structures is the
formation of large vortices in their wakes, which strongly affect the wind loading and the
structural response. The investigation, the analysis and the understanding of bluff bodies
aerodynamics are complex since the flow around bluff bodies depends not only on the shape
of the body, but on many factors, such as the Reynolds number and the characteristics of
the turbulence (Irwin 2008). The Reynolds number is the ratio of inertial fluid forces to
viscous fluid forces:
Re =
ρV L
µ˜
=
V L
ν˜
(3.20)
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where ρ is the air density, V is the wind velocity, µ˜ is the air dynamic viscosity and ν˜ is
the air kinematic viscosity. At low Reynolds numbers, viscous forces are dominant, flow
is laminar and it is characterized by smooth, constant fluid motion. At high Reynolds
numbers the inertial forces dominate and tend to produce chaotic eddies, vortices and
other flow instabilities. The latter effect depends also on the shape of the body (Figure
3.5). The inspection of the figure suggests that the aerodynamic profiles (wing profiles) are
designed in such a way that they do not present flow separation along the section, but only
in correspondence of the last part where the vortices are small and the wake region is thin.
Bodies with sharp edges present separation of the fluid stream especially in correspondence
of the edges with the consequent formation of vortices.
The effect of the vortex shedding is strongly affected by the Reynolds number and it is
Fig. 3.5: Flow around bluff bodies (Bluff-body aerodynamics).
more dangerous as Re increases. This phenomenon is shown in Figure 3.6 (Lienhard 1996).
It is worth stressing that the way in which the vortices are detached determines the loads
that force the structure. Moreover the size of the wake region depends on the shape of the
body (Borri and Pastò 2006).
The process of vortex shedding induce movements in the across-wind direction when the
natural frequency of the structure coincides with the frequency of the vortex shedding (nvs)
38
Chapter 3 Response of tall buildings to dynamic wind loading
which is described by the Strouhal law:
nvs = St
V
D
(3.21)
wherein St is the Strouhal number. Hence it is possible to evaluate the critical velocity Vcr
around which there is the full synchronization of the vortex shedding:
Vcr =
n0D
St
(3.22)
At critical velocity, the high-rise building is locked-in. The flow of the wind and the motion
of the building adversely affect each other and largest amplitude oscillations occur.
The effect of synchronization is a complex aeroelastic phenomenon and if the acrosswind
response is found exclusively from the turbulence (lift forces), it is likely to underestimate
the response since the lock-in will intensify the building's motion (Cheng et al. 2002).
Wind tunnel measurements allow to consider the effect of vortex shedding.
3.3 Dynamic response of wind-excited tall buildings
Civil structures subjected to wind load can vibrate in different directions (Holmes 2007;
Lin et al. 2005):
 in the wind direction (alongwind response) as a result of turbulence;
 in the orthogonal direction to the flow (acrosswind response) induced by the phe-
nomenon of the vortexes shedding;
 around the central principal vertical axis (torsional response).
Also, within a certain speed range called synchronization interval, structures can resonate.
(Figure 3.7) shows the directions of motion of a generic prismatic tall building subjected
to wind load.
3.3.1 Literature background
Wind effects on tall buildings have been widely studied during the last decades. Both an-
alytical and experimental methods have been adopted in the research. In the early 1960s,
approaches for simulating the dynamic response of buildings under wind excitations started
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Fig. 3.6: Regimes of fluid flow across smooth circular cilinders (Lienhard 1996).
to be investigated. The turbulent wind flow is considered as a locally stationary random
process and the structural response is evaluated in statistical terms (Davenport 1961; Dav-
enport 1964; Davenport 1967; Davenport 1971). Figure 3.8 illustrates the elements of
the spectral approach (Davenport 1964). In the first row the response is evaluated in the
time domain and in the second one it is evaluated in the frequency domain. In the sec-
ond approach the structural response due to the fluctuating component is evaluated from
the RMS of the response power spectral density (response spectrum). This spectrum is
evaluated from the spectrum of the aerodynamic forces (wind/structure interaction) which
is in turn calculated from the wind forces associated to the turbulence or from the gust
spectrum. The mechanical admittance, frequency-dependent, forms the links between the
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Fig. 3.7: Tridimensional view of a generic tall building with the indication of alongwind,
acrosswind and torsional response.
spectra (Holmes 1987).
From Davenport's theory on, wind effects on structures have been deepened investigated
and a large amount of researches can be found in the literature. The torsional and the un-
steady wake excitation are introduced in Kareem (1981) and Kareem (1982), emphasizing
the use of wind tunnel data. In Solari (1982) a close form solution for alongwind response
is proposed.
Since tall buildings are not limited to movement only in the alongwind direction but also
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Figure 3.8: Davenports wind load chain (Davenport 1964).
in acrosswind and torsional directions, subsequent studies have led to the formulation of
general frameworks for gust-excited vibrations of structures considering coupled and un-
coupled three dimensional modes (Solari 1987; Solari 1994; Chen and Kareem 2005). Non
linear mode vibration can be readily included (Holmes 1987; Xu and Kwok 1993).
Simiu and Scanlan (1996) presents an up-to-date coverage of new methods and standards
for wind-resistant structures. The need for considering accurate models for acrosswind re-
sponse is emphasized in Cheng et al. (2002), Matsumoto (1986), and Gu and Quan (2044).
In Piccardo and Solari (2000), a three-dimensional closed-form solution for the evaluation
of the dynamic response of slender structures is developed. The need to refer to as realistic
as possible models is highlighted in Kareem and Zhou (2003). The possibility of including
non-Gaussian processes is explored in (Chen and Huang 2009).
Technological advances in the experimental modeling of wind loads (wind tunnel tests) al-
low an accurate estimation of the preliminary design wind forces by testing scaled models
of tall buildings in a simulated atmospheric boundary layer (Lin et al. 2005; Chen and
Kareem 2005).
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3.3.2 Frequency-domain response of tall buildings
The fundamental equations of the LCCWD procedure are derived from a standard frequency-
domain approach (widely used in the wind engineering literature) which relates the wind-
induced vibrations of a structure with the random vibration theory (Holmes 2007). Aver-
aged quantities like standard deviations and spectra are used to describe the main features
of both the exciting forces and the structural response. Wind speeds, pressures and the
resulting structural response have been treated as stationary random processes in which
the time-averaged or mean component is separated from the fluctuating component. The
following discussion refers to the models presented in Solari (1994).
Under the assumption of uncoupled principal vibration modes, the components of motion
in the three main directions (x, y, ψ) can be separately studied (Solari 1987). The equation
of motion of a generic structure in a turbulent flow for a generic degree of freedom can be
written as:
m˜q¨(t) + c˜q˙(t) + k˜q(t) = Fr(t) (3.23)
wherein q(t), q˙(t), q¨(t) are the degrees of freedom and m˜, c˜, k˜ are the mass per unit length,
the damping and the stiffness associated to a generic degree of freedom. Fr(t) is the
vector collecting the forces per unit length which is in general defined by the sum of three
components:
Fr(t) = F (t) + Fa(t) +R(t) (3.24)
in which F (t) is the external forces vector linearly dependent on the turbulence components
and on the wake coefficients, Fa(t) is the vector collecting the aeroealastic forces, R(t) takes
into account non linearity. Under the hypothesis that the aeroealastic effects are neglected
(absence of fluid-structure interaction) and under the hypothesis of small displacements
and turbulence, Fr(t) in Equation (3.23) coincides with F (t):
m˜q¨(t) + c˜q˙(t) + k˜q(t) = F (t) (3.25)
Dividing both sides of the previous equations by m˜ the equation of motion becomes:
q¨(t) + 2ξ(2pin0)q˙(t) + (2pin0)
2q(t) = F (t)/m˜ (3.26)
where ξ and n0 are the structural damping coefficient and the fundamental frequency in
the generic x, y, ψ direction. The external force F (t), considering the Equation (3.1) is:
F (t) = F¯ + F ′(t) (3.27)
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wherein F¯ is the mean value and F ′(t) is the fluctuating component:
F ′(t) = F ′ut(t) + F
′
vt(t) + F
′
vw(t) (3.28)
In the previous equation subscripts ut, vt indicate the turbulence components and vw is
due to the vortex wake.
Consequently the generic displacement (or rotation) can be expressed by:
q(t) = q¯ + q′(t) (3.29)
where q¯ is the mean value of q(t):
q¯ =
F¯
K
=
F¯
M(2pin)2
(3.30)
and q′(t) is the nil mean fluctuation of q(t) around q¯ and can be solved in time domain
by using Equation (3.25) with q(t) = q′(t) or in frequency domain taking advantage of the
stationarity of the processes F ′(t) and q′(t) as follows:
S′q(n) = |Hq(n)|2SF ′q(n) (3.31)
SF ′q = S
(u)
F ′q + S
(v)
F ′q + S
(w)
F ′q (3.32)
|Hq(n)|2 = 1
m˜2(2pin0)4[(1− ( nn0 )2) + 4ξ2( nn0 )2]
(3.33)
In previous equations S′q(n), SF ′q(n), S
(u)
F ′q(n), S
(v)
F ′q(n), S
(w)F ′q(n) are the one-sided power
spectral densities of q′, F ′, F ′u, F ′v, F ′w while the term |Hq(n)|2 is the absolute value of the
standard transfer function.
Considering that q′(k)(t) derived k-times follows the laws: q′(0) = q′,q′(1) = q˙′, q′(2) = q¨′, ...,
the power spectral density of the process can be written as:
Sq′(k)(n) = (2pin)
2kS′q(n) (3.34)
Therefore the variance of q′(k) results:
σ2
q(k)
=
∫ ∞
0
(2pin)2kS′q(n)dn (3.35)
Assuming that the time interval T coincides with the period on which is calculated the mean
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wind speed (Section 3.2.1), i.e. 600-3600 s, applying the Davenport's theory (Davenport
1964), the peak response (or rotation) qmax can be evaluated as the maximum probable
value of q during T :
qmax = q¯ + gqσq (3.36)
where σq is the standard deviation of q(t) and gq is the peak factor:
gq =
√
2 ln(νqT ) +
0.5772√
2 ln(νqT )
(3.37)
wherein νq is the expected frequency of q(t).
νq =
1
2pi
σq˙
σq
(3.38)
In a similar manner, the maximum acceleration can be computed as:
q¨max = q¯ + gq¨σq¨ (3.39)
where σq¨ is the standard deviation of q¨(t) and gq¨ is the acceleration peak factor:
gq =
√
2 ln(νq¨T ) +
0.5772√
2 ln(νq¨T )
(3.40)
wherein νq¨ is the expected frequency of q¨(t).
νq¨ =
1
2pi
σ...q
σq¨
(3.41)
On the basis of the previous formulations, it is in principle possible the evaluation of the
alongwind, acrosswind and torsional responses as discussed in the following subsections.
It is worth noticing that in the case of flexible structures the vector collecting the aeroealas-
tic forces Fa(t) in Equation (3.24) cannot be neglected. As a consequence, according to
Solari (1994), the equation of motion is modified in order to take into account the aeroe-
lastic phenomena (related to the vortex-induced vibration) which modifies the damping
and the frequency of the system (Mannini et al. 2011; Huang et al. 2013; Marukawa et al.
1996; Vickery and Steckley 1993; Hayashida et al. 1992).
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3.3.2.1 Alongwind response
The alongwind response (Figure 3.7) is the response in a parallel direction with respect
to the wind and it depends on the total alongwind force that is the sum of the forces
acting on the windward and leeward faces of the structure. As shown in Figure 3.5, the
wake recirculation region in the leeward face is highly turbulent but has low velocities,
and in turn low pressures. Thus the alongwind response can be evaluated by applying the
quasi-steady theory and the component associated to the vortex wake F ′vw(t) in Equation
(3.28) can be neglected.
3.3.2.2 Acrosswind and torsional response
The acrosswind response (Figure 3.7) is the response in an orthogonal direction with respect
to the wind incidence angle while the torsional response is due to the non-symmetric
pressure distribution around the bluff body. Whereas alongwind oscillations (induced
by turbulence) can be reasonably estimated using quasi-steady theories, across-wind and
torsional oscillations (partially caused by separation of the wake flow and vortex shedding)
cannot (Kwok and Melbourne 1981; Cheng et al. 2002). In this case the term F ′vw(t)
represents the vortex shedding component which has often a dominant role. It is worth
noticig that F ′vw(t) in the case of the acrosswind response is different from F ′vw(t) in the
case of alongowind. The first one is related to the vortex shedding, the latter to the vortex
wake (Figures 3.5 and 3.6). Even if a number of researches have been conducted in this
area, more general approaches to determine the acrosswind and torsional response need to
be developed and incorporated into current design codes (Chen and Kareem 2005). For
this reason it is essential the reconstruction of the wind loads by means of experimental
tests by using wind tunnel measurements.
3.4 Wind tunnel tests
As it was discussed in the previous section, aerodynamic wind tunnel tests are the most
common experimental techniques used for civil structures with the aim to characterize
the wind loads. The basic idea is to reproduce the real prototype in a scale model. Air
movement is produced by a fan system (Figure 3.10b).
Once determined a set of dimensional parameters that govern and completely define the
physical problem, the correct reproduction of the scaled phenomenon requires the fulfill-
ment of some similitude requirements (Borri and Pastò 2006) based on the Buckingham's
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theorem. This allows to maintain the same parameters for the two models. Carpet or
roughness blocks are used to generate the required velocity and turbulence profiles. Figure
3.9 shows a photograph of a typical wind tunnel set up.
Fig. 3.9: An example of an experimental set up in a boundery layer wind tunnel (Azioni ed
effetti del vento su edifici alti).
Commonly, two groups of wind tunnel tests are used in practice:
 aerodynamic tests, where only geometry of the building is modeled and the model is
rigidly grounded;
 aeroelastic tests, where, in addition to the building geometry also dynamic properties
are modeled. The model is considered flexible in order to estimate the aeroelastic
effects.
One of the main advantage related to the aerodynamic tests is the fact that the test results
depend only on the building geometry. Hence the structural properties could be optimized
during the design process without repeating the tests.
Two types of aerodynamic tests are commonly conducted:
1. High Frequency Force Balance (HFFB) tests;
2. synchronous wind pressure measurements.
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a) 
b) 
c) 
Fig. 3.10: Wind tunnel test: a) An example of force balance (Azioni ed effetti del vento su
edifici alti), b) Wind tunnel blades (courtesy of Prof. I. Venanzi), c) pressure taps on scaled
models (courtesy of Prof. I. Venanzi).
The use of HFFB is dated to the early 1970's (Whitebread 1975). The base balance tech-
nique is described in Tschanz and Davenport (1983). In this kind of test, the model is
mounted on a force balance (Figure 3.10a) connected to the base of the model. In the
HFFB test the base overturning and the torsional moments as well as the base shears can
be measured. The basic principle behind the HFFB test is to assume the wind-induced
responses to come primarily from the fundamental vibration modes with the assumption
of ideal mode shapes. The experimental wind loads are represented as time-dependent
generalized forces (base moments and forces). In order to consider the effect of more real-
istic non-ideal mode shapes, correction coefficients are proposed in several research works
(Holmes et al. 2003; Tallin and Ellingwood 1985; Zhou et al. 2002).
The use of wind pressure measurements has developed since the 1980's (Kareem 1982).
With this type of test the wind pressure on the model surface is measured using a syn-
chronous multi-pressure sensing system in which pressure taps are installed at several
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locations on the model surface (Figure 3.10c). These taps are connected to pressure trans-
ducers which are capable of recording the pressure fluctuations over a period of time. Using
the tap pressures it is possible to evaluate the dimensionless pressure coefficient Cp:
Cp(t) =
P (t)− P0
0.5ρV¯ 2ref
(3.42)
wherein P is the surface pressure, P0 is the mean static pressure at the reference height and
Vref is the mean-wind speed at the reference height (for example the building's height).
To convert these combined pressure coefficients into floor forces, fx(z, t), fy(t, z) and base
torque fψ(t, z), acting on the three main directions of the full-scale building, the following
equations are used:
fx(t, z) =
∑
x
0.5ρV¯ 2Cp,x(t, z)A(z) (3.43)
fy(t, z) =
∑
y
0.5ρV¯ 2Cp,y(t, z)A(z) (3.44)
fψ(t, z) =
∑
x
0.5ρV¯ 2Cp,x(t, z)Abt(x) +
∑
y
0.5ρV¯ 2Cp,y(t, z)Abt(y) (3.45)
In the previous equations A corresponds to the single tap influence Area, bt is the tap
coordinate.
3.5 Control methodologies for wind-excited tall buildings
Flexible structures may experience excessive vibrations under the wind action. Hence high-
rise buildings are often equipped with control devices with the aim to reduce wind-induced
movements. According to Kareem et al. (1999) the methodologies to suppress vibrations
can be (Figure 3.11):
1. aerodynamic design;
2. structural design;
3. auxiliary damping devices adoption.
The aerodynamic design regards the modification of the cross-sectional shape of the build-
ing in order to reduce wind loads. The most widespread solutions are: slotted and cham-
fered corners, fins, setbacks, buttresses, horizontal through-building openings and varia-
tions of the cross-section with height (tapering) (Kim et al. 2008). The purpose is to
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Fig. 3.11: Means to suppress wind-induced response of buildings (Kareem et al. 1999).
confuse the effect of the vortices by reducing the dangerous effects (Section 3.2.2).
The increase of the building mass or stiffness to reach a selected performance level could
lead to disproportionate increase of the construction cost.
The use of auxiliary damping devices has the main goal of reducing the structural vibra-
tions due to both wind or earthquake (Chen et al. 2017). Suppression of wind-induced
vibrations or seismic vibrations towards occupants' comfort and safety. For the hazard
mitigation and risk reduction, structural control has proved its efficacy in the past few
decades. The control devices allow the modification of the structural behavior during an
extreme event and reduce excessive displacements or accelerations. According to different
types of devices, the control systems can be classified in:
1. passive control systems;
2. active control systems;
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3. semi-active control systems.
The passive control systems (Soong and Dargush 1997) include a wide range of devices
which are able to change the mechanical characteristics of the structure, such as the stiff-
ness, the mass and the damping, in order to have a smaller response of the structure with
respect to the uncontrolled case. The main advantage is the total absence of an external
source of power (this ensures the effectiveness even in emergency cases). The main draw-
back is that passive control is not adaptive to the actual conditions.
The active control systems (Soong 1990) include the set of devices with the ability to mon-
itor the dynamic state of a structure at a given moment and with the capacity to apply
the feedback to adjust more favorably the dynamic process to which they are subject. Un-
like the passive control systems, these devices use external power to carry out the control
action.
The semi-active control (Chu et al. 2005) makes use of devices able to adjust, in real
time, the mechanical parameters of the protection devices which passively interact with
the structure without introducing large amount of energy.
3.5.1 Tuned Mass Damper
Tuned Mass Damapers (TMDs) are the most widespread passive control devices for the
mitigation of tall buildings vibrations. The TMDs are devices consisting of a mass con-
nected to the structure through a mechanical apparatus that emulates the behavior of a
spring and a dashpot in parallel. This system is adjusted (tuned) to the fundamental fre-
quency of the building. If optimally tuned, the movement of the mass counterbalances the
displacement of the structure, with a consequent reduction of accelerations, displacements
and vibrations (Soong and Dargush 1997). Figure 3.12 shows the schematic view of a
SDOF (single degree of freedom) system to which a TMD is applied. The equations that
describe the motion of a two degrees of freedom (system SDOF + TMD) system subject
to an external force F (t), can be written in the following form (Constantinou et al. 1998):
m1x¨1(t) + c1x˙1(t) + k1x1(t) = k2z(t) + c2z˙(t) + F (t) (3.46)
mTMDz¨(t) + cTMDz˙(t) + kTMDz(t) = −mTMDx¨1(t) + g(t) (3.47)
where x1 is the the main structure displacement, z(t) is the relative displacement of the
added mass with respect to the structure, m1 is the mass of the structure and mTMD is
the TMD's mass. The TMD damping and stiffness coefficients are denoted by cTMD and
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Fig. 3.12: A schematic representation of a system equipped with a TMD (Tuned Mass
Damper Applet).
k2 and c1 and k1 refers to the structure. The term g(t) is nil in the case of wind excitation.
By denoting the auxiliary device with the subscript TMD and the structure with subscript
s, summation of Equations (3.46) and (3.47) leads to:
(mTMD +ms)x¨s(t) + c2x˙s(t) + kTMDxTMD(t) = F (t)−mTMDz¨(t) (3.48)
An important aspect in the study of TMD systems is to quantify the mass, useful for the
proper operation of the TMD and compare it with the mass of the building to determine
what increase in load the structure can handle. The mass of the TMD with respect to
the total mass of the structure is commonly called mass ratio µ. The optimization of
TMDs parameters is a topic extensively studied in literature. Den Hartog (1956) showed
the dynamic effect of the TMD compared with the static deflection by applying the maxi-
mum force to the structure statically. Considering a sinusoidal force with frequency ω the
dynamic amplification factor for an undamped structural system R is:
R =
xmax
xst
=
√
(α2 − β2) + (2ξαβ)2
[(α2 − β2)(1− β2)− α2β2µ]2 + (2ξαβ)2(1− β2 − β2µ)2 (3.49)
wherein α = ω/ω0 is the forced frequency ratio, β = ωTMD/ω0 is the frequency ratio,
ωTMD =
√
kTMD/mTMD is the natural frequency of the TMD, ω0 =
√
ks/ms is the nat-
ural frequency of the structural system and ξTMD = cTMD/2mTMDωTMD is the damping
ratio of TMD. In Figure 3.13 the amplification factor R as a function of β and ξTMD is
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shown for α = 1 (tuned case), µ = 0.05. From Figure 3.13 it can be noted that in absence
Fig. 3.13: Amplification factor as a function of β = 0.05, α = 1 (Constantinou et al. 1998).
of structural damping, the response of the structure with TMD has infinite values in corre-
spondence of the two resonant frequencies. When instead the TMD has infinite damping,
the advantage of having installed the device fails and there is again a resonant condition.
Between these conditions there are optimum values that make the peaks minimal.
The traditional approach for the TMD design seeks for the minimum TMD mass that
guarantees the desired performance of the structure under random loading such as wind
forces (Warburton 1982; Hoang et al. 2008). In Figure 3.14 the optimum absorbers param-
eters according to Warburton (1982) are shown. The main disadvantage of these devices
is the fact that the control response is only obtained for the fundamental vibration modes,
while, for the others, a slight reduction or even an amplification of the response can occur.
This problem is solved by the introduction of more than one tuned masses MTMD (Mul-
tiple Tuned Mass Dampers). Numerous studies have been conducted to verify the actual
efficiency of such systems compared to the TMDs (Patil and Jangid 2011; Huang et al.
2010; Moon 2010).
More recently, uncertainties in the dynamic properties of the structure have been consid-
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Fig. 3.14: Optimum absorbers parameters (Warburton 1982).
ered for the robust optimization of TMDs (Marano et al. 2013; Venanzi and Materazzi
2013; Venanzi 2015).
54
Chapter 4
The proposed Life-Cycle Cost Wind
Design (LCCWD)
4.1 Introduction
The LCCWD approach, developed in its entirety to take full account of the major needs as-
sociated with the design of tall buildings under wind loads, provides the most cost-effective
design solution. In this chapter the procedure is explained step-by-step. Each step of the
procedure can be easily tailored with the aim to extend its applicability to different case
studies.
The outline of the LCCWD procedure, schematically presented in Figure 4.1, can be sum-
marized as follows:
1. Select the structural model (Section 4.9.1) and, eventually, the control system model
(Section 4.3).
2. Select the wind hazard model (Section 4.4): wind tunnel measurements, mean-wind
speed annual maximum and wind direction probability distributions.
3. Evaluate the structural response (Section 4.5).
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4. Select the damage states associated to nonstructural components and evaluate the
corresponding complementary cumulative distribution function (CCDF), i.e. the
fragility curve (Section 4.6).
5. Compute the annual damage probability (Section 4.7).
6. Calculate the expected life-cycle cost (Section 4.8).
WIND HAZARD 
MODEL 
STRUCTURAL  
MODEL 
CONTROL SYSTEM  
MODEL 
STRUCTURAL 
ANALYSIS 
FRAGILITY  
MODEL 
DAMAGE 
ANALYSIS 
COST  
MODEL 
LIFE-CYCLE 
COST 
Fig. 4.1: Outline of the LCCWD procedure.
Differently from existing literature and previous studies, LCCWD is targeted at design
purposes and it takes into account the long-term economical consequences and benefits
for different design configurations. The key goal is to reach the best design solution by
considering at the same time the structure of the building and all the boundary conditions
that can compromise the correct fruiting.
As shown in Figure 4.2, in order to find the best design solution, different aspects of the
design have to be investigated, like structural system, building orientation, type of control
system, non structural elements. In order to compare the different solutions, for each
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Fig. 4.2: Design alternatives flowchart.
design alternative of Figure 4.2, the LCCWD procedure (Figure 4.1) needs to be executed.
With reference to Figure 4.2 the following aspects of the design can be addressed by
LCCWD:
 The structural system, with reference to the shape, the materials and the geometry
of the building.
 The building orientation considering the wind exposure with respect to the geograph-
ical location.
 The structural control system in order to reduce undesirable movements.
 The nonstructural elements (number, location and typology) which are considered
as integrated elements of the design process since they are damage-sensitive.
The chapter is organized as follows:
Sections 4.2 to 4.8 present the necessary steps and equations for the comprehensive appli-
cation of LCCWD as briefly summarized in Figure 4.1.
Section 4.9 reports some indication about the choice of the design solutions that can be
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investigated and compared in order to achieve the best design solution with reference to
Figure 4.2.
Section 4.10 describes how to summarize all the obtained results.
4.2 Structural model
In order to predict the full-scale behavior of the building a finite element model needs to
be developed. Such aspects like the structural damping, the translational and torsional
natural frequencies and the associated mode shapes define the dynamic characteristics of
the structure. These information are crucial since they are used to predict equivalent static
wind loads (through wind tunnel testing) to be applied to the building model (Section 4.4)
and, consequently, are also used in the analyses to evaluate the structural response in terms
of displacement or acceleration (Section 4.5).
As concerns the structural modeling, particular attention needs to be devoted to the
soilfoundationstructure interaction. Indeed the soil deformability can modify the modal
proprieties (natural periods/modal shapes) of the structure. Therefore under the hypoth-
esis of high soil-structure inter-facial stiffness, the building can be modeled as fixed at the
base. Alternatively, the soil can be described with elastic, nonlinear elastic, fully inelastic
elements or hypoplastic macroelements (Venanzi et al. 2014).
In order to clarify the meaning of the symbols used in the following equations, Figure 4.3
illustrates a schematic view of the plan of a generic tall building. The angle δ denotes the
building orientation with respect to the North-South direction. The angle θ characterizes
the relative mean-wind incidence angle measured from the reference building axis x of the
local coordinate system. The angle ψ refers to the torsional rotation.
The angle θ is used as a reference measure of direction, compatible with the building model
orientation in standard wind tunnel experiments. A clockwise rotation is considered posi-
tive for δ and θ. The angle ψ is considered positive according to an anticlockwise rotation.
The angle δ is evaluated with respect to the global coordinates system, i.e. X-axis facing
South and Y -axis facing East. The angles θ and ψ are evaluated with respect to the local
coordinates system which rotate firmly to the building plan. Hence the mean-wind direc-
tion angle is defined as the summation between the building orientation angle δ and the
angle θ, in the global reference system:
(θ + δ) =
(θ + δ) if (θ + δ) < 360o,(θ + δ)− 360o if (θ + δ) ≥ 360o. (4.1)
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Fig. 4.3: Schematic view of the tall building denoting: (a) building orientation angle δ,
relative mean-wind incidence angle θ; (b) torsional rotation ψ.
For the sake of clarity with reference to Figure 4.3, (θ+δ) = 0◦ corresponds to a Northerly
wind (wind which blows from the North).
4.3 Structural control system
The dynamic nature of the wind can cause discomfort to building occupants and can pose
serious serviceability issues. As explained in Section 3.5, the performance of a tall building
can be improved in many ways. In order to validate the procedure, LCCWD focuses on the
use of passive auxiliary damping devices (TMD). The following information are required
for the numerical application of LCCWD:
 mechanical and dynamic characteristics of the device to use them in the frequency
domain formulation. In order to guarantee an optimal behavior, the TMD needs to
be tuned to the fundamental frequencies of the structure (Den Hartog 1956).
 relative cost with respect to the total construction cost. Usually cost data are not
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available in literature but they can be provided by the companies.
It is worth noticing the fact that the LCCWD formulation is general and can include
different types of structural control.
4.4 Wind hazard model
This phase of the procedure is devoted to the accurate modeling of the wind load with
respect to the structure and to the construction site (geographical location). Therefore, in
order to meet target safety and performance levels during the design process, the LCCWD
procedure requires the following input data:
1. wind tunnel simultaneous pressure measurements or alternatively HFFB records (Sec-
tion 3.4) by considering specialized atmospheric boundary layer. These features can
accurately represent the wind speed and turbulence profile acting on the structure.
Wind tunnel tests provide the necessary design pressure measurements for the dy-
namic analysis of the building;
2. joint PDF of the reference mean-wind velocity at the building top Vref and of the
mean-wind direction angle θ. Indeed, since LCCWD is based on a probabilistic ap-
proach, the geographic site with its climate can greatly change the design conditions.
Hence the wind in a certain place can be characterized by the mean speed value of
the maximum annual distribution and by the incidence angle relative the prevailing
winds.
4.4.1 Wind load time histories
The wind loads are represented as time-dependent generalized forces. The generalized
loads of the fundamental lateral modes, associated with the turbulent wind pressure loads
on the building's surface, are needed. These quantities can be directly evaluated from wind
tunnel data via conventional HFFB tests or can be obtained by integrating synchronous
wind pressure measurements (see Section 3.4). The evaluation of the time-dependent
experimental aerodynamic forces is different if the wind tunnel test is performed according
to the HFFB or the pressure integration techniques (Section 3.4).
A key point of the procedure relies on the indirect estimation of wind loading uncertainty by
exploiting information derived from the time histories of the experimental pressure loads.
In order to examine the measurement uncertainty, a long record of the total base bending
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moments and base torque is divided in i = 1, .., N segments of equal time duration ∆t.
Each ith segment is treated as an independent realization of the generalized force which
is labeled as FQi,k(t). The quantity t indicates time (0 ≤ t ≤ T ) and k = {x, y, ψ} is the
index denoting the three principal response components (the displacements of the floors
geometric centers in directions x and y and the torsional rotation ψ around the vertical
axis z). The generalized forces and moments (with their appropriate units) FQi,k(t), from
which the structural response is evaluated, can be written as:
FQi,k(t) =
∫ H
0
fi,k(z, t)[Φk(z)]dz (4.2)
In the previous equation H is the building height, fi,k(z, t) is the i
th realization of the
experimental aerodynamic force per unit height in the k direction calculated at height
z (for example by local pressure integration); Φk(z) is the fundamental mode shape in
the k direction. The mode shapes Φk(z) =
z
H can be assumed to vary linearly along the
height or it is possible to consider the general form, by adopting the following exponential
formulation
[
z
H
]γ
with 0.5 ≤ γ > 2 (Holmes 1987). This leads to the following expression
of the generalized forces and torsional moment:
FQi,k(t) =
∫ H
0
fi,k(z, t)
[ z
H
]γk
dz (4.3)
By following standard approaches (Section 3.3.2), after removal of the mean load compo-
nent from the fluctuating aerodynamic loads and some manipulation, the previous equation
may be converted to frequency domain to obtain the generalized force spectrum. It is worth
noticing that the spectral analysis is commonly used for structures under random vibra-
tions (Denöel 2014). In particular the Welch's averaged modified period-gram method
of spectral estimation is used to evaluate the power spectral density of the experimental
realization of the generalized force (Welch 1967). The vector FQi,k(t) is segmented into K
sections (X1, ..., XK) of equal length L, each with 50% overlap. Each segment is windowed
with a Hamming window W (j), j = 0, .., L − 1. For each windowed segment the finite
Fourier transform A1(n), AK(n) is calculated:
Ak(n) =
1
L
L−1∑
j=0
XK(j)W (j)e
−2kijn/L (4.4)
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where i =
√−1. Then, the K modified period-grams are evaluated:
Ik(fn) =
L
U
|Ak(n)|2 (4.5)
where k = 1, ..,K, fn = n/L with n = 0, .., L/2 and U is evaluated as follows:
U =
1
L
L−1∑
j=0
W (j)2 (4.6)
The set of modified period-grams is averaged on all K segments to form the spectrum
estimate.
The following normalized generalized force spectrum is adopted in the numerical analysis:
nSFˆQi,k={x,y}
(n) =
nSFQi,k={x,y} (n)
(1/2ρV 2refHD)
2
(4.7)
where SFQi,x and SFQi,y are the one-sided dimensional power spectra of the i
th experimental
realization of the generalized force in the x and y directions. The normalized-dimensionless
power torque spectral density is similarly defined as follows:
nSFˆQi,ψ
(n) =  · nSMi,ψ(n)
(1/2ρV 2refHD
2)2
(4.8)
In the previous expression SFQi,ψ is the dimensional power spectrum of the i
th experimental
realization of the base torque (moment);  is a correction factor, depending on the exponent
of the power-law γk (Holmes et al. 2003; Tallin and Ellingwood 1985), used to correctly
adjust the experimental evaluation of the uniformly distributed base torque along the
height.
Wind tunnel tests are performed considering a rigid connection to the floor and aeroelastic
effects are neglected. However it must be pointed out that in the case of tall structures
exposed to wind flow, the interaction between inertial, structural and aerodynamic forces,
particularly in the acrosswind direction can cause several undesirable phenomena (see
Section 3.3.2). One of the main advantage of the LCCWD is the fact that the approach is
general and adaptable and allows to specialize the models used over time. Therefore it is
possible to incorporate aeroelastic models in the evaluation of the wind-induced response.
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4.4.2 Joint probability distribution of mean-wind velocity and direction
To estimate the joint PDF of the yearly maxima of the mean-wind speed and of the
mean-wind direction f(Vref , θ), different approaches can be used. First, it is necessary
to establish the geographical location of the building. In the case of available continuous
experimental data on the mean-wind speed and on the direction for several years, the
statistic correlation between the two variables can be matched. In terms of the strength of
correlation, the value of the correlation coefficient can vary between 1 and −1. Only in the
case of the correlation coefficient value lies around 0, the two variables can be considered
uncorrelated and f(Vref , θ) = f(Vref ) · f(θ).
Alternatively, if the variables cannot be considered uncorrelated it is possible to recon-
struct the joint PDF from information provided by experimental data or literature. For
example in Johnson and Wehrly (1978) parametric models are proposed for the numerical
reconstruction of a general joint distribution considering bivariate random variables when
one variable is directional and one is scalar. In Carta and Ramirez (2008) the previous
method is specified in the field of wind energy including wind speed and direction. A sta-
tistical model is presented in Basile et al. (2015). An empirical method is also proposed in
Chen and Zhang (2009). The importance of considering wind directionality effects related
to the geographical location is emphasized in Yi and Li (2015).
4.5 Structural analysis
In order to limit the computational effort required by a life-cycle cost approach while
still preserving adequate estimation accuracy, the structural analysis is carried out in the
frequency domain by assuming that the response is dominated by the three fundamental
lateral vibration modes (Cui and Caracoglia 2016b), two lateral bending modes and one
torsional mode. The three modal components (mode shapes) are assumed as uncoupled
(Caracoglia 2014). Hence the response can be determined independently in each direc-
tion. Three-dimensional mode shapes are not considered in this study but may be readily
included without any loss of generality, also considering any inter-modal dependence for
modes with closely-spaced frequencies.
The assumptions are made that both wind force and structural response are stationary
multi-variate Gaussian processes and that the effects may be approximately cumulated
using the SRSS (square root of the sum of the squares) approach. By combining flexural
and torsional response, the peak lateral displacements at the top floor Di,x,H and Di,y,H
(z = H) can be computed, for the ith wind tunnel realization of the load, as:
63
Chapter 4 The proposed Life-Cycle Cost Wind Design (LCCWD)
Di,x,H = (D¯i,x ± D¯i,ψ,x) +
√
(gi,xσi,x)2 + (gi,ψσi,ψ,x)2 (4.9)
Di,y,H = (D¯i,y ± D¯i,ψ,y) +
√
(gi,yσi,y)2 + (gi,ψσi,ψ,y)2 (4.10)
In the previous equations D¯i,x and D¯i,y are the mean responses in x and y directions, D¯i,ψ,x
and D¯i,ψ,y are the x and y components of the mean torsional response:
D¯i,x =
mean[FQi,x(t)]
(2pin0,x)2 ·Mx (4.11)
D¯i,y =
mean[FQi,y(t)]
(2pin0,y)2 ·My (4.12)
D¯i,ψ =
mean[FQi,ψ(t)]
(2pin0,ψ)2 ·Mψ (4.13)
where Mx,My,Mψ are the generalized masses corresponding to the three fundamental
modes. The terms gi,x, gi,y, gi,ψ are the peak factors computed in accordance with the
structural response spectrum and Davenport's theory for the three generalized displace-
ments (see Section 3.3.2). In Eqs. (4.9)-(4.10), the terms σi,ψ,x and σi,ψ,y are the x and y
components of the standard deviation and σi,ψ pertains to the rotation. The standard de-
viations of the response components are computed for each ith wind tunnel load realization
from:
σ2i,k =
∫ +∞
0
SQi,k(n)dn (4.14)
where SQi,k(n) is the one-sided response power spectral density obtained as:
SQi,k(n) = |Hk(n)|2SFQi,k (n) (4.15)
|Hk(n)| is the absolute value of the modal transfer function defined from:
|Hk(n)|2 = 1
(2pin0,k)4(Mk)2[(1− ( nn0,k )2)2 + 4ξ20,k( nn0,k )2]
(4.16)
In the previous expression, n0,k is the k
th natural frequency, ξ0,k is the structural damping
ratio and Mk is the k
th modal generalized mass Mk =
∫ H
0 m(z)Φ
2
k(z)dz, where m(z)
is the mass per unit height of the building, H is the building height and Φk(z) is the
kth mode shape. No uncertainty in the physical building properties is assumed in this
implementation, whereas variability in the wind loads and their spectrum is considered
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through index i.
By considering the mode shapes, it is also possible to compute the peak displacements at
a generic floor, identified through vertical coordinate z:
Di,x(z) = (D¯i,xΦx(z)± D¯i,ψ,xΦψ(z))
+
√
(gi,xσi,xΦx(z))2 + (gi,ψσi,ψ,xΦψ(z))2 (4.17)
Di,y(z) = (D¯i,yΦy(z)± D¯i,ψ,yΦψ(z))
+
√
(gi,yσi,yΦy(z))2 + (gi,ψσi,ψ,yΦψ(z))2 (4.18)
The choice of + or − sign in Equations (4.9)-(4.10)-(4.17)-(4.18) depends on the relative
position of the considered point within each cross-section (or floor) of the building, as
explained in Section 5.3.
Similarly, the peak acceleration at the building top floor is evaluated by combining the
flexural and torsional accelerations as:
ai,H =
√
(gai,xσ
a
i,x)
2 + (gai,ψσ
a
i,ψ,x)
2 + (gai,yσ
a
i,y)
2 + (gai,ψσ
a
i,ψ,y)
2 (4.19)
where gai,k is the acceleration-related peak factor. The standard deviations of the acceler-
ation responses are:
[σai,k]
2 = (2pi)4
∫ +∞
0
n4SQi,k(n)dn (4.20)
By considering the mode shapes, the acceleration at the generic floor (height z) is:
ai(z) =
√
(gai,xσ
a
i,xΦx(z))
2 + (gai,ψσ
a
i,ψ,xΦψ(z))
2
+
√
(gai,yσ
a
i,yΦy(z))
2 + (gai,ψσ
a
i,ψ,yΦψ(z))
2 (4.21)
In presence of a generic bidirectional TMD, intended to reduce one of the two fundamental
modal responses (h = x, y), the response power spectral densities are modified as follows:
SQi,h(n) = |Hcsh (n)|2SFQi,h (n) (4.22)
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where the term |Hcsh (n)| is the transfer function (mechanical admittance) accounting for
the presence of the control system which can be written as (Xu et al. 1992):
|Hcsh (n)|2 =
(χ2 − λ2)2 + 4χ2λ2ξ2h
2pin40,hM
2
h(a
2 + b2)
(4.23)
In the previous expression µ is the mass ratio of the TMD and χ and λ are the frequency
ratios (Equations (4.24) and (4.25)), ξTMD,h is the reference damping ratio (Equation
(4.26)), nTMD,h is the TMD's frequency.
χ =
nTMD,h
n0,k
(4.24)
λ =
n
n0,h
(4.25)
ξTMD,h =
cTMD,h
(2
√
mTMD,hkTMD,h)
(4.26)
nTMD,h = 1/2pi
√
kTMD,h/mTMD,h (4.27)
The coefficients a and b in the Equation 4.23 are given by:
a = λ4 − λ2(1 + χ2 + µχ2 + 4ξ0,hξhχ) + χ2 (4.28)
b = 2λ[ξhχ(1 + λ
2 − µλ2) + ξ0,h(χ2 − λ2)] (4.29)
The optimum parameters of the TMD are evaluated according to Warburton (1982) equa-
tions for random force according to Figure 3.14.
4.6 Fragility model
Wind-exposed tall buildings can experience damage to non-structural components during
their lifetime. Serviceability limit states are often underestimated during the preliminary
design of a tall building but can cause local damages which may reduce the durability of
the structure. Unacceptable deformations can affect the efficient use or the appearance of
structural or nonstructural elements or the functioning of equipment and excessive vibra-
tions can cause discomfort to people. An efficient and economical tall building cannot be
designed without considering the damage probability over time of nonstructural compo-
nents.
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As confirmed by forensic engineering investigations after extreme wind hazards, adequate
initial design usually avoids altogether such a problem in the case of engineered tall build-
ings; consequently, most attention is devoted to nonstructural damage. Therefore, the
choice of the type of nonstructural elements is an important issue and, among the various
factors, it is strictly related to the destination of use of the building.
In this context, the destination of use of the building is integrated in the design process. A
single-function office tall building is chosen for the LCCWD approach since, as statistically
reported in Figure 4.4, tall buildings are principally commissioned for office use. Therefore
the economic interest associated with a high-rise buildings is an important issue that needs
to be taken into consideration.
Fig. 4.4: World's 100 tallest classified by function (Council on Tall Buildings and Urban
Habitat, CTBUH ).
Nonstructural components can be traditionally classified into two main categories: (i) drift-
sensitive elements where the risk damage is primarily a function of the interstory drift ratio
(ii) acceleration-sensitive elements where the maximum sustainable damage depends on the
peak floor acceleration.
Examples of drift-sensitive components are ceiling-high partitions, gypsum board partition,
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curtain walls and façades. As these components are integrated with the main structure
at different locations and heights of the building, the deformation follows the deflection
profile.
In contrast, acceleration-sensitive elements are connected to the building floor (or wall)
at single locations. Examples of acceleration-sensitive components are acoustical ceilings,
vertical piping, mechanical-electrical components (boilers, pressure vessels, transformers,
generators and air-conditioners). Others building's contents like heavy furniture items or
library book shelves are also acceleration-sensitive components.
According to the probabilistic PBD approach the probability of damage to nonstructural
elements is represented by fragility functions (Section 2.2.2). A fragility curve shows the
relationship between the input excitation (such as interstory drift ratio or acceleration) and
the probability of exceeding a certain damage state threshold. Fragility functions of non-
structural components are commonly modeled using a log-normal cumulative distribution
function as follows:
P (D > di|X = x) = Φ
(
1
βd
ln(x/θd)
)
(4.30)
In the previous equation D is the uncertain damage, d is a certain value of D, X is the
uncertain EDP, x is a particular value of X, Φ represents the standard normal cumulative
distribution, θd is the median and and βd is the standard deviation. Both θd and βd refer
to d.
Different methods can be used to create Fragility functions (Porter et al. 2007):
 Empirical method. Fragility curves can be created by exploiting experimental tests or
by real world observations. Since PBD is well established in earthquake engineering
for the seismic performance assessment of buildings, an accurate database (PACT),
which includes a collection of fragility and consequence data for the most common
structural systems and building occupancies, is available online (FEMA-P-58 2012a).
Most of the fragility functions are derived from post-earthquake observations or ex-
perimentally. Furthermore in Hazus (2017) statistical parameters for fragility func-
tions of generic nonstructural drift and acceleration-sensitive components are pre-
sented as a function of the damage level that the building can experience: slight,
moderate, extensive and complete (see Tables 4.1 and 4.2). The standard deviation
values are calibrated considering the uncertainty in the damage state threshold but
also the variability in the capacity properties of the building and in the ground mo-
tion. For completeness it should be noted that some modification to these fragility
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Table 4.1: Drift ratios used to define median values of damage for nonstructural drift-sensitive
components (Hazus 2017).
Damage level IDRm σIDR
%
DS1-IDR: slight 0.4 0.5
DS2-IDR: moderate 0.8 0.5
DS3-IDR: extensive 2.5 0.5
DS4-IDR: complete 5.0 0.5
Table 4.2: Peak floor accelerations used to define median values of damage for nonstructural
acceleration-sensitive components (Hazus 2017).
Damage level am σa
%
DS1-a: slight 0.25 0.6
DS2-a: moderate 0.5 0.6
DS3-a: extensive 1.0 0.6
DS4-a: complete 2.0 0.6
curves can be considered in order to take into account the uncertainties associated
to the experimental nature of these curves (Kiani et al. 2016; Yamin et al. 2017).
 Numerical method. Fragility curves can be numerically reconstructed through Equa-
tion (4.30) by making use of numerical simulations of specific elements on the basis
of the material resistance (Filliben et al. 2002).
 Expert opinion-based method. In this case fragility curves can be derived from the
judgment of experts who have experience with the specific asset class. In many
cases the empirical method and the expert opinion-based method can be considered
complementary.
For the numerical simulations, the LCCWD procedure utilizes structural fragility curves,
experimentally derived and available in literature. Because of the lack of experimental data
for wind-induced damages, the seismic fragility curves are taken by the FEMA (Federal
Emergency Management Agency) database (Chuang and Spence 2017). Such experimental
curves are provided for unit elements, i.e. specific dimensions and characteristics related
to each element. As introduced in Section 2.2.2, the fragility curves represent the CCDF
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of a selected structural or non structural component as a function of a specific engineering
demand parameter (EDP ).
For the purpose of this thesis the following nonstructural elements are considered:
 glass façades (drift-related damages)
 partition walls (drift-related damages)
 suspended ceilings (acceleration-related losses)
It is worth noticing the fact that the procedure could easily incorporate different elements
and types of damage.
For example, damage to façades can be induced by strong winds producing disproportion-
ate lateral interstory drifts, accelerations, large pressures loads at specific locations of the
structural envelope or by impact of wind-borne debris. Only in the case of occurrence of
very strong wind events like tornadoes, the building can experience structural damage and
collapse of structural members (LaFave et al. 2016). Recent studies (Verma et al. 2013)
aimed at the experimental evaluation of pressure coefficients on the surfaces of a square
plan tall building model. The wind pressures on the surface are in this phase neglected
but they can be incorporated in the LCCWD analysis. Indeed, starting from the pressure
distribution on the façades, the pressure coefficients Cp can be used as an EDP param-
eter. Further investigations must be done to estimate the fragility curves that relate the
probability of damage to the pressure coefficient considering a specific technology of glass
façades.
Also occupants discomfort-related losses can be taken into account, especially in the case
of office buildings. In this case fragility curves can not be evaluated on the basis of the
repair/replacement costs but on the basis of downtime losses. In fact in this case losses
do not emanate from property damage but to business downtime when occupants of the
top floors have to leave their workplace or are not able to work because of the building
oscillations.
4.7 Damage analysis
The core of the LCCWD procedure is the computation of the probability of exceeding a
damage state (damage analysis), which is used for the cost evaluation (cost analysis).
The original formulation of the convolution integral as defined in Section 2.2.2 was formu-
lated for computing the mean annual rate of a performance measure exceeding a specified
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threshold. However, it has also been used for computing the probability that a performance
measure will exceed a specified threshold during a given period of time (Kiureghian 2005).
Hence Equation (2.3) is modified in this study to evaluate the annual damage probability in
the k direction associated with the limit state j and accounting for the building orientation
δ as follows:
P hj (δ, z) =
∫ ∫ ∫ ∫
P [DSj(z)|EDP ]f [EDP |IM, SP, IP ]
f(IP |IM, SP )f [IM(δ)]f(SP )d(EDP )d(IP )d(IM)d(SP ) (4.31)
where DSj is the j
th damage state; EDP is the vector collecting the engineering demand
parameters (i.e. structural response components) inducing the damage; IM is the vector
of the intensity measure; SP is the vector of the parameters characterizing the struc-
tural system; IP is the vector of the interaction parameters (aerodynamic and aeroelastic
parameters); P (DSj(z)|EDP ) is the structural fragility curve (i.e. the complementary
cumulative distribution function of DSj conditional on the occurrence of EDP at height
z); f(EDP |IM, SP, IP ) is the probability density function (PDF) of EDP conditional
on IM , SP and IP ; f(IP |IM, SP ) are the joint PDFs of the IP components conditional
on IM and SP , f [IM(δ)] are the joint PDFs of the components of the intensity measure
vector as a function of the building orientation angle δ; f(SP ) are the joint PDFs of the
components of the vector SP ; z is the generic height within the building.
In a typical wind engineering application, the random components of the intensity measure
vector IM are: the 10-minute average mean-wind speed at a reference elevation (i.e. the
building's top floor, Vref ) and the mean-wind direction (θ+δ) as defined in Equation (4.1).
The joint PDF of the intensity measure vector is designated as f(Vref , θ+ δ) and it refers
to the mean-wind direction angle.
The vector of interaction parameters IP is composed of the aerodynamic coefficients, i.e.
determined from the pressure data measured in the wind tunnel.
It is assumed that, without any loss of generality, SP (building mass, stiffness, damping)
are deterministic and that the randomness of IP is taken into account as explained in Sec-
tion 4.4.1. The integration is carried out considering the mean-wind direction angle (θ+δ)
as the integration variable, noting that d(θ + δ) = dθ. Consequently, the convolution
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integral in Eq. (4.31) becomes:
P hj (δ, z) =
∫ ∫ ∫
P (DSj(z)|EDP (θ))f(EDP |Vref , θ)
f(Vref , θ + δ)d(EDP )d(Vref )d(θ) (4.32)
It is worth observing that, in the presence of a prevailing wind direction, the joint PDF
of the IM vector, f(Vref , θ + δ) accounts for the building orientation angle δ. Moreover,
the parameter EDP only depends on the relative mean-wind incidence angle θ since the
structural analysis is conducted in accordance with the local coordinate system x, y.
In the case of a structure equipped with TMD, the annual probability of exceeding a
damage state j depends on the specific choice of the control system. The control system
is characterized by a vector CS collecting the parameters of the TMD (i.e. mass, stiffness
and damping). The annual damage probability can be written as follows:
P hj,cs(δ, z) =
∫ ∫ ∫
P (DSj |EDP (IM,CS))f(EDP |IM,CS)
[f(IM, δ)] f(CS)d(EDP )d(IM)d(CS) (4.33)
with the same meaning of symbols as in Eq. 4.31. The joint probability of EDP is con-
ditional on Vref and θ but it also depends on the selected control system CS, since the
dynamic structural response is mitigated by the presence of the TMD. Although, in prin-
ciple, the components of the vector CS could be considered random parameters, they will
be assumed as deterministic in the following. By substituting the vector IM = {Vref , θ},
Eq. 4.33 is specialized as follows:
P hj,cs(δ, z) =
∫ ∫ ∫
P (DSj |EDP (Vref , θ, CS))f(EDP |Vref , θ, CS)
f(Vref , θ + δ)d(EDP )d(Vref )d(θ) (4.34)
In order to better clarified the previous equations, the damage probability is evaluated in
each principal direction (h = x, y) and for each floor of the building, characterized by the
variable z.
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4.8 Cost analysis
The cost analysis evaluates the total expected repair and intervention costs over a time
period t corresponding to the lifetime of a structure.
Without loss of generality, the ordinary maintenance and structural replacement costs
are neglected, as well as the indirect business losses associated with activity interruption.
Indeed, considering the ultimate purpose of comparing different design solutions, it is as-
sumed that these costs do not vary much between different design alternatives.
The cost evaluation is based on the assumption that the structure is restored to its original
condition after each occurrence of the wind-induced damage. For the sake of simplicity
and as a first approximation in the absence of more-detailed design plans, the initial con-
struction cost C0,s is assumed to be independent of the building orientation angle δ.
The total expected total life-cycle cost (Wen 2001; Wen and Kang 2001) is computed as
the sum of the initial cost C0,s (deterministic) and the expected repair costs in each k
direction in each floor of the building at a generic height z:
E[Ck(t, δ, z)] = C0 + E[
L∑
l=1
K∑
j=1
Cje
−λtlP kj (δ, z)] (4.35)
In the previous equation E[.] denotes expected value; l is the loading occurrence number;
L is the total number of loading occurrences between time 0 and time t; j is the damage
state number; K is the total number of damage states under consideration; Cj is the cost
of jth damage state supposed as a deterministic quantity; λ is the discount rate per year;
tl is the loading occurrence time assumed as a uniform Poisson process between 0 and t.
The arrival times of each storm, tl, are simulated as uniformly distributed over the time
interval by Monte Carlo sampling.
The quantity P kj (δ, z) is the probability of exceeding the j
th damage state given the mean
arrival rate ν per unit time (i.e., number of events per year) (Mitropoulou et al. 2011) for
a given building orientation δ:
P kj (δ, z) = −
1
νt
log[1− P ktj(δ, z)] (4.36)
where P ktj is the t-year probability of exceeding the damage state in the k direction, defined
as follows:
P ktj(δ, z) = 1− [1− P kj (δ, z)]t (4.37)
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where P kj (δ, z) is the annual damage probability evaluated through damage analysis, as
explained in the previous Section 4.7, dependent on the building's floor at a generic height
z. It is worth noticing that, with respect to the original formulation by Wen (Section 2.2.3)
that considers the probability of limit state crossing, in Equation (4.35) the probability
of exceeding a certain damage state is considered. The use of probability of exceeding
a damage state (a level of damage) instead of a limit state (a response threshold) allows
accounting for the randomness of damage occurrence given a specific value of the structural
response.
Considering the presence of the TMD, the index cs is introduced and the initial construction
cost C0 can be defined as the summation of the initial building cost (without the TMD)
C0,s and the initial cost of the passive control system C0,cs (installed during construction
stage at t = 0), i.e. C0 = C0,s + C0,cs. Therefore Equation (4.35) becomes:
E[Ccs(t, δ, z)] = C0,s + C0,cs + E[
H∑
z=1
∑
k=x,y
L∑
l=1
K∑
j=1
nˆkj (z)Cje
−λtlP kj,cs(δ, z)] (4.38)
where nˆhj (z) is the number of units of nonstructural elements sensitive to the j
th type of
damage at height z in the h = x, y direction and Cj is the unit cost associated with the re-
placement or repair of the selected nonstructural element. P kj,cs is computed as in Eq. 4.34.
The summation terms in Eq. 4.38, with index z varying between 1 and H and index k, are
employed to separately examine all the nonstructural elements in both principal directions
and for each floor.
The previous expression implies that periodic maintenance of the control system is either
accounted for in C0,cs or substantially absorbed by the standard maintenance building
costs, which are not considered in the cost accumulation [since these cost items are sub-
stantially independent of wind damage occurrence and the primary use of Equation (4.38)
is for the comparison among design scenarios].
It should be noted that, since the FEMA fragility curves are derived from the standard unit
elements (Figure 5.13), the damage probability of each floor evaluated through Equation
(4.34) is associated to the damage of the single unit element. For this reason, with the aim
to evaluate the overall cost of the building according to Equation (4.38), it is necessary
to introduce the number of unit elements at the floor level for each direction and for each
type of nonstructural component nˆhj (z).
Considering in Eq. (4.36) and Eq. (4.37) the presence of the TMD with the index cs, a
simplification is introduced below [Eq. (4.39)], which evaluates the expected value of the
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relative intervention and repair cost ccs(t, δ) normalized with respect to the initial con-
struction cost C0,s. The normalized cost ccs(t, δ) represents the portion of the lifetime
cost that is directly connected to the repair and maintenance induced by the wind damage
and, contrary to other cost items, is a function of the building orientation δ. Consequently
ccs(t, δ) is exclusively needed to determine the optimal orientation. Eq. 4.38 is rewritten
as:
ccs(t, δ) = E[
Ccs(t, δ, z)− C0,s
C0,s
] = c0,cs + E[
H∑
z=1
∑
k=x,y
L∑
l=1
K∑
j=1
nˆj(z)cj
e−λtl [− 1
νt
log(1− Ptj,cs(z))] (4.39)
with normalized costs cj = Cj/C0,s, c0,cs = C0,cs/C0,s and Ptj,f,cs = 1− [1−Pj,f,cs]t. This
probability Ptj,cs(z) may be different at each floor and for a given nonstructural element
as a result of the nonlinear mode shapes. The quantity ccs(t, δ) above is preferable to
cross-examine various life-cycle investment scenarios and to evaluate the relative differ-
ences between wind-damage-induced intervention costs with and without installation of
the control system.
4.9 Alternative design solutions
It is worth noting that comparative design solutions can be numerous and the designer has
to select the most suitable alternative for the customer. The design can regard different
aspects of the project (Figure 4.2) as detailed in the following section.
4.9.1 Structural configuration
The model should be designed considering the fact that structural system has the main
objective of safely carrying gravity and lateral loads. The principal required functions
are the structural safety and the serviceability. Hence the design criteria are strength,
serviceability, stability and human comfort. As reported in Jayachandran (2009), the
strength is satisfied by limit stresses, while serviceability is satisfied by drift limits in
the range of H/500 to H/1000. Stability is satisfied by sufficient factor of safety against
buckling and P-Delta effects. The human comfort aspects are satisfied by accelerations in
the range of 10 to 25 milli-g, where g=acceleration due to gravity, about 9.81m/sec2.
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The aim of the structural engineer is to arrive at suitable structural schemes, to satisfy
these criteria. It is worth noticing that there is not a single solution that meets at the same
time all the required limits at the beginning. However, it is necessary that the fulfillment
of the criteria is maintained over time. It is therefore appropriate to compare different
life-cycle cost-based solutions.
Regarding the structural system carrying vertical and lateral loads, tall buildings can be
classified as:
 steel structures: the main vertical/lateral structural elements and the floor systems
are made of steel. Note that a building of steel construction with a floor system
of concrete planks or concrete slab on top of steel beams is still considered a steel
structure;
 concrete structures: the main vertical/lateral structural elements and the floor sys-
tems are made of concrete;
 mixed-structures: utilize distinct steel and concrete systems, one on top of the other.
Steel/concrete indicates a steel structural system located on top of a concrete struc-
tural system, with the opposite true of concrete/steel.
 composite structures: a combination of both steel and concrete components are used
together in the main structural elements. Examples include buildings which utilize:
steel columns with a floor system of concrete beams; a steel structure with a concrete
core; concrete-encased steel columns; concrete-filled steel tubes; etc.
The most commonly used are steel or composite structures (Taranath 2012; Günel and
Ilgin 2014). For the numerical applications, as detailed in Chapter 5, a steel structure is
chosen.
As the height of the building increases, the alternatives in the choice of the structural
system become restricted. Structural systems involve horizontal and vertical systems. The
role of steel members is principally devoted to carry gravity loads. Others elements like
outriggers, megaframes, and interior super-diagonals have the function of resisting wind
and seismic loads. Moreover there are a lot of lateral brace systems like: interacting system
of braced and rigid frames (not exceeding 4050 stories), outrigger and belt truss systems
(4050 stories), framed tubes (5060 stories), trussed tubes (6070 stories), bundled tubes
(80100 stories), high efficiency systems for super tall buildings (100150 stories).
A composite construction is characterized by the interactive behavior between structural
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steel and concrete components designed to take advantage of the best load-resisting charac-
teristics and economy of each material. Lateral load resisting elements can be summarized
in the following structural units: composite slabs, composite beams, composite columns,
composite diagonals, composite shear walls.
The structural system is the main part of the building which carries and transfers the
loads, both vertical and lateral, safely to the soil through the foundation. The selection of
the structural system must meet different aspects such as economic resources or architec-
tural requirements. Therefore it is a designer choice and it is based on personal experience
considering the fact that different solutions are able to satisfied the required design criteria.
4.9.2 Building orientation
In the design of a tall building, particularly susceptible to the wind action, it can not be
neglected the probabilistic investigation on the prevailing winds (intensity and direction)
distribution related to the specific geographical location. The main objective is the reduc-
tion of the wind effects on the structure, by changing its orientation. The primary role of
building orientation in a performance-based design setting has been clearly emphasized by
researchers (Jain et al. 2001).
In this context the results of the LCCWD procedure provide useful information to the de-
signers and assistance to the selection of the orientation that minimizes the total life-cycle
cost.
It is worth noticing that the orientation of a tall building in an existing urban context
could be significantly constrained by the presence of neighboring buildings or by architec-
tural and functionality issues. These aspects are neglected in the numerical application of
LCCWD, but they could be easily incorporated.
4.9.3 Structural control
As explained in Section 3.5, the performance of a tall building can be improved by using
different control techniques. The LCCWD approach can include all the different types of
structural control with the final aim to compare different cost-effective solution.
As underlined in Section 4.3, for the purpose of this thesis, the LCCWD procedure is
validated by making use of a TMD (Section 3.5.1). Parametric analyses on the TMD's
characteristics (mass ratio) and on the TMD's cost, offer the possibility to explore different
cost-based design alternatives.
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4.9.4 Nonstructural elements: indoor distribution
The management of the interior spaces is related to the destination of use of the building
and it is generally established by developers and investors. There is the possibility to design
for single use or mixed-use, which include different types of functions such as commercial,
business, hotel, residential, recreational, parking and similar. The choice of appropriate
internal layout of the building plays a fundamental role in the structural design as it:
 guarantees the correct usability of the spaces according to the destination of use by
providing comfortable and convenient workplace or living space;
 allows the adequate selection and distribution of nonstructural elements.
This last aspects can not be underestimated for the overall design of the building because
nonstructural elements are damage-sensitive.
LCCWD approach highlights the increasingly need for an integrated design that, on the
basis of cost-dependent solutions, brings together different areas of design that, in the
current practice, are separated.
4.10 LCCWD global results
On the basis of the stakeholder's requests and taking advantage of his personal experience,
the designer must be able to provide design alternatives that are easily comparable and
understandable. As a global result the LCCWD procedure proposes a final chart sum-
marizing all the investigated solutions. The graphical representation of the results must
contain the following information:
 a brief description of all the proposed solutions identified with the acronym DC
(Design Configuration);
 the expected cost corresponding to a certain value of the lifetime (expressed in years);
 any parameters useful for comparing the different solutions.
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5.1 Description of the structure and the FE modeling
The case study is a steel tall building, 180 m high, with a rectangular floor plan (cross
section) characterized by a side ratio B/D = 1 : 1.5 and an aspect ratio H/B = 6 : 1
(Figure 5.1). The well known CAARC building is used as a benchmark in this research.
This prototype had been introducted in 1980 by the Commonwealth Advisory Aeronauti-
cal Research Council of Australia as a benchmark high-rise structure to be employed for
studying the wind-induced dynamic (Melbourne 1980).
The main wind force resisting system is composed of columns, central square core, beams
and cross-bracing in both directions. All the structural elements are made of steel with a
specific weight corresponding to 7700 Kg/m3. The columns have a square hollow sections
with gradually decreasing dimensions along the building height (every ten floors). The
geometrical characteristics are illustrated in Table 5.1 where t3 is the outside depth, t2 is
the outside width, tf is the flange thickness, tw is the web thickness. A system of steel
columns and cross-bracing characterize the internal core. A schematic representation of
the internal core brace distribution along the two main directions is shown in Figure 5.2,
i.e. square-based prism (15x15 m) centered in the geometric centroid of the plan section of
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Fig. 5.1: Schematic view of the 60-stories building.
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a) b) 
Fig. 5.2: Schematic view along the height of the central core in the two main directions.
the building (Figure 5.1). The bracings have a rectangular hollow section and have larger
dimensions in the first 10 floors, an intermediate section between floor 11 and floor 40 and
a reduced size for the last 20 floors (Table 5.2).
Structural hollow sections for columns and braces are chosen as they guarantee a higher
resistance capacity with respect to an open section of a similar size and area. Indeed the
radius of gyration is significantly higher with a much lower slenderness ratio for the same
effective length.
The support of the concrete slabs is entrusted to beams characterized by an I-shaped cross-
section. The I-beams of each floor have the same cross-section dimensions, as detailed in
Table 5.3. It is worth noticing that the symbols used in this Table to describe the geometry
81
Chapter 5 The case study
Table 5.1: Geometrical characteristics of the columns.
Columns t3(m) t2(m) tf (m) tw(m)
C1-10 0.7 0.7 0.05 0.05
C11-20 0.6 0.6 0.05 0.05
C21-30 0.6 0.6 0.04 0.04
C31-C40 0.6 0.6 0.03 0.03
C41-C50 0.5 0.5 0.02 0.02
C51-C60 0.4 0.4 0.015 0.015
Table 5.2: Geometrical characteristics of the diagonal cross-bracing.
Bracings t3(m) t2(m) tf (m) tw(m)
D1-10 0.5 0.3 0.015 0.015
D11-40 0.4 0.3 0.015 0.15
D41-60 0.3 0.25 0.012 0.012
of the section have the following meanings: t3 is the outside height, t2 is the top flange
width, tf is the top flange thickness, tw is the web thickness, t2b is the bottom flange width,
tfb is the bottom flange thickness.
A 3-D finite element model (Figure 5.3) is built for the preliminary sizing of the structural
elements with respect to the static vertical and lateral loads. The Eurocode's standards
are use for this first phase.
A simplified dynamic model of the system with rigid floor slabs and 3 DoF (degrees of
freedom) for each floor is extracted from the full 3D model, which correctly reproduces
the first three modes of the structure. The first two modes are translationals and the
third one is torsional. The mass matrix is directly evaluated according to the steel sections
defined previously. Unitary lateral loads and unitary torque moments have been inserted
into all nodes of the central pillars. The stiffness matrix was calculated by inverting
and combining the vector containing displacements and rotations due to unitary external
Table 5.3: Geometrical characteristics of the I-beams.
Beams t3(m) t2(m) tf (m) tw(m) t2b(m) tfb(m)
B1-60 0.24 0.12 9.8E-3 6.2E-3 0.12 9.652E-3
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Fig. 5.3: 3D-view of the 60-story building.
loads. The principal modal characteristics of the building and the assumptions made
for the simplified model are reported in Table 5.4. The vibration modes are assumed
uncorrelated.
In order to select the coefficients γk (k = x, y, ψ) used in Equation (4.3), the following
functional is minimized:
Z =
∑
k=x,y,ψ
(1−MACkk) (5.1)
where MACkk is the Modal Assurance Criterion coefficient, the well-known estimator of
the correlation between eigenvectors introduced by Allemang and Brown (1982). MAC
coefficient allows to obtain information about the correlation between two mode shapes.
Indeed the MAC coefficient describes the consistency between two mode shapes Φ and Φ∗.
MAC takes values from 0, representing no consistent correspondence, to 1, representing a
consistent correspondence. MAC is defined by Equation (5.2):
MAC =
‖[Φ]T [Φ∗]‖2
[Φ]T [Φ][Φ∗]T [Φ∗]
(5.2)
In Figure 5.4 the discrete-model (FEM) modes and the continuous power-law function
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Table 5.4: Modal characteristics of the simplified dynamic model of the building and coeffi-
cients of the power-law function mode shapes
Mode Direction n [Hz] ξ [%] γk MACkk
1 x 0.228 1 1.24 0.9997
2 y 0.234 1 1.20 0.9996
3 ψ 0.237 1 0.75 0.9982
modes are compared.
5.2 Characterization of the wind load
5.2.1 Wind tunnel records
The aerodynamic loads are obtained from measurements on a scaled model of the build-
ing, tested in the boundary layer wind tunnel at the Inter-University Research Center for
Building Aerodynamics and Wind Engineering (CRIACIV), in Prato (Italy).
A suburban terrain wind speed profile (boundary layer described by a power-law model
with exponent approximately equal to 0.25) is used to numerically simulate the exper-
imental conditions. Tests are conducted on the rigid model of the benchmark building
(geometric scale 1:500) at various mean-wind directions between 0◦ and 360◦ with 22.5◦
step increments. The wind forces are determined over a set of 120 pressure taps, 30 taps
on each vertical face, equally divided into 5 levels. The sketch in Figure 5.5 shows the
repartition of the pressure taps along the building façades. The acquisition duration is
30 seconds with a corresponding acquisition frequency of 250 Hz. The wind tunnel set-up
reproducing the suburban terrain conditions is shown in Figure 5.6.
As an example the pressure coefficients distribution for each principal façade of the build-
ing is shown in Figure 5.7 corresponding to 0◦ mean-wind direction. As explained in the
previous Section 4.4.1, a key point of the approach is the estimation of the uncertainties
related to wind tunnel measurements. To account for measurement variability (Section
4.4.1), the 30 s long wind tunnel pressure records are divided in 8 segments, having a dura-
tion corresponding to ten minutes at full scale. Each segment is treated as an independent
realization of the generalized force, from which the structural response is independently
evaluated. Figures 5.8a) and 5.8b) respectively illustrate the ith realization of the nor-
malized generalized force power spectra (PSDs) in the x and y directions as a function of
the reduced frequency, at (θ + δ = 0◦). The normalized power torque spectral density is
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Fig. 5.4: Discrete-mode (FEM) vs continuous power-law function vibrations modes: a) flex-
ural mode in direction x, b) flexural mode in direction y, c) torsional mode.
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Fig. 5.5: Pressure taps location (measures in cm).
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Fig. 5.6: Wind tunnel set-up, suburban terrain.
Wind 
Cp 
Fig. 5.7: ith Pressure coefficient map corresponding to a wind tunnel realization and θ = 0◦.
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Fig. 5.8: A realization of the generalized force spectrum [Eq. (4.7)], experimentally measured
for (θ + δ) = 0◦.
plotted in Figure 5.9.
5.2.2 Joint PDF of the mean-wind speed and direction
In order to evaluate the joint probability distribution of the mean-wind velocity and direc-
tion (Section 4.4.2), the wind climate of the city of Boston (MA), along the Atlantic coast
of the United States, is chosen as the site of the full-scale benchmark application in the
numerical simulations. Boston is predominantly affected by extra-tropical synoptic winds
and extremely rare hurricane events. Meteorological measurements available from the
NERACOOS online database are used (Northeastern Regional Association of Coastal and
Ocean Observing Systems). The data, recorded at the Station 44029 - Buoy A01 located
in the Massachusetts Bay, are extracted from January 2001 to December 2016 and used to
construct the PDF of θ (mean wind direction). The mean wind speeds, extracted from the
records, are employed to examine the correlation between mean wind speed and direction.
In fact, as described in Section 4.7, the vector IM collects two positive real-valued random
variables: the mean reference wind speed Vref and the relative wind incidence angle (angle
of attack) θ.
First, the dependence between mean-wind speed and mean-wind direction θ is examined.
To this aim the correlation coefficient is evaluated from the sample of the random vari-
ables, extracted from Buoy A01. Since the sample correlation is equal to 0.0948, the two
random variables can be considered, as a first approximation, as uncorrelated. Therefore,
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Fig. 5.9: Reduced torque spectrum.
the term f(Vref , θ + δ) of Eq. (4.32) can be simplified as f(Vref , θ + δ) = f(Vref )f(θ + δ).
Consequently, the estimation of the PDFs of mean-wind speed and direction can be carried
out separately and Equation (4.32) becomes:
P kj (δ) =
∫ ∫ ∫
P [DSj |EDP (θ)]f [EDP |Vref , θ]
f(Vref )f(θ + δ)d[EDP ]d(Vref )d(θ) (5.3)
It is worth noticing that this result is not general and it depends on the specific geographical
location chosen.
5.2.2.1 PDF of the mean-wind direction
Considering Equation (5.3), the quantity f(θ+δ) is determined as follows: starting from the
mean-wind direction with respect to the geographic North, taken from the database (North-
eastern Regional Association of Coastal and Ocean Observing Systems), the experimental
probability density function f(θ+δ) of the mean-wind direction is evaluated (Figure 5.10).
Since the probability distribution model is not known a priori, a non-parametric method is
used to examine the data (Kernel density estimation) and to derive a suitable PDF. The
PDF in Figure 5.10 is multi-modal; the wind predominantly blows from the South-West
quadrant and the North-West quadrant. As underlined in the following section, the buoy
88
Chapter 5 The case study
Fig. 5.10: Empirical marginal distribution of the mean-wind direction derived from the
database. The angles are measured from the North direction.
data are only used for evaluating the PDF of the mean-wind direction and not for the PDF
of the wind speed.
5.2.2.2 PDF of the mean-wind annual maximum
The PDF of the yearly maximum of the mean-wind speed, necessary to derive the an-
nual extreme wind speed PDF of Vref at the reference roof-top elevation f(Vref ), is recon-
structed from information provided in the United States design standard (ASCE7-16 2017).
This choice is justified by the necessity of having information with return times unreach-
able by experimentally accumulated results. Indeed the basic wind speeds (3-second gust
at 10-meter elevation) of the wind maps (exposure C category) are extracted for different
return periods: from 50 years to 1700 years (Figure 5.11). Basic wind speeds are adjusted
from 3-second gust to obtain 10-minute average values at 10-meter elevation. The ratio
between 3-second gust and 10-minute averages is approximately found as 1.45:1 using the
approach described in ASCE7-16 (2017). In order to get mean wind speeds Vref , the wind
speed values are adjusted to the building's reference height (180 m) and to the Exposure
B category by considering the change of roughness (from C to B category). Exposure B
category is employed since it is compatible with the mean wind speed profile used in the
wind tunnel (boundary layer power-law with exponent α = 0.25) and representative of a
suburban terrain roughness. The following relationship is used:
V BH = V
C
10 ·
(zCg /10)
1/6.5
((zBg /180)
1/4
∼= V C10 · 1.394 (5.4)
where zig (i = B,C) is the gradient height in meters, corresponding to each terrain category.
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The exponents and gradients heights were estimated from ASCE tables.
The resultant distribution function, which can be adequately represented by a Gumbel
model, is plotted in Figure 5.12.
MRI: 
25 years 
Basic Wind Speed Maps 2016 
MRI: 
50 years 
MRI: 
100 years 
MRI: 
300 years 
MRI: 
700 years 
MRI: 
1700 years 
Fig. 5.11: 3-second gust wind-speed (in miles per hour) at 10 m above ground for Exposure
category C and for different return periods ASCE7-16 (2017).
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Fig. 5.12: Probability density function of the mean-wind speed annual maxima (10-minute
averaging time) at the reference elevation, f(Vref ) for the city of Boston.
5.3 Non structural elements
As briefly introduced in Section 4.6, three different non-structural components are chosen
for the application of the LCCWD procedure:
 glass façades (drift-sensitive)
 partition walls (drift-sensitive)
 suspended ceilings (acceleration-sensitive)
Fragility curves for the selected elements are derived from the FEMA pact database (see
Section 4.6). The engineering demand parameters (EDP s) are the interstory drift ratio
(IDR) and the peak floor acceleration (a), corresponding to the maximum absolute value
of the peak response.
Figure 5.13a) shows the fragility curve for the partition walls. It refers to full-height parti-
tions with slip track connections at the top and at the corners; the slip track connections
restrict lateral motion of the element to in-plane displacements only. Damage occurs when
the wall paper is warped and torn. Figure 5.13b) illustrates the case of the suspended ceil-
ings, which run continuously over partitions with only vertical supports. Damage occurs
when 5% of tiles dislodge and fall. Figure 5.13c) presents the fragility curve associated
with mid-rise stick built curtain walls systems laminated with annealed glass and with
square cut corners glass windows; the installation details are unknown. The window sys-
tems is supported and contained within aluminum framing. Damage occurs when the
panel cracked and need to be replaced. The damage model is derived for tall, slender,
low-frequency structures which are primarily sensitive to dynamic resonant effects, such
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as interstory drift or acceleration, rather than direct pressure loads or wind-borne debris
(i.e., conceived for a first application example outside of the hurricane-prone regions in the
United States).
For each nonstructural element (f = 1, ..., F ) a unit is defined to which the fragility curve
is referred: 100 linear feet (about 30 m) for the partition walls, 2500 square feet (about 230
square meters) for the suspended ceilings, a 1.8 panel height is considered with an aspect
ratio corresponding to 6:5.
A high-rise building under wind excitation can experience at the same time translational
vibrations in the horizontal x and y directions and torsional rotations ψ. The effect of tor-
sion on the selected EDPs (IDR and a) is twofold, as it contributes to both displacements
and accelerations (Equations 4.9,4.10,4.19). In principle, each nonstructural element has a
different torsional response, depending on its position within the floor and its distance from
the floor's elastic center (Figure 5.14a). Moreover, the projection along the local axes of
the torsional-induced displacement produces, on each side, an in-plane displacement and
an out-of-plane displacement. This two-component motion is schematically represented
in Figure 5.14a). Since the contribution of the component orthogonal to the wall axis is
usually negligible compared to the in-plane one, only the latter, constant on each side, is
considered in the cost analysis. Since the non-structural elements may be randomly dis-
tributed on each floor, torsional effects are evaluated in a simplified manner (Figure 5.14b)
considering the border perimeter for the glass façades and a reference perimeter for internal
nonstructural components built on the centroids of each of the quadrants identified by the
local axes x and y. The displacements (Equations 4.9 and 4.10) are evaluated on each side
of the perimeters and faces A,B,C,D and Aˆ, Bˆ, Cˆ, Dˆ are identified (Figure 5.14b). Simi-
lar considerations can reasonably be made regarding the accelerations that are computed
(Equation 4.19) for each quadrant at the reference points. Figures 5.15a) and b) report
the spatial distribution of the non-structural components chosen for the numerical applica-
tion. Partition walls are considered uniformly distributed at a distance of about 6m from
each other. Suspended ceilings are distributed continuously over the cross-section. Glass
façades are considered uniformly distributed along the height. The same configuration is
adopted for each floor of the building. Since the in-plane displacements are constant along
each face it is sufficient to calculate the x and y displacements of the two diametrically
opposed edges of each perimeter as represented in Figure 5.15.
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Fig. 5.13: Partition walls fragility curve as a function of IDR (a); Glass façade fragility curve
as a function of IDR (b); Suspended ceiling fragility curve as a function of a (c).
5.4 Control systems characteristics
The considered control system is composed of a bidirectional TMD, located at the elastic
center of the top floor of the building. The TMD controls the response along the two
principal lateral directions of the building (h = {x, y}). The mass ratio of the TMD is
µ = mTMD/Mx = 2%.
The parameters of the TMD in each direction are tuned to control the response of the first
two lateral modes. Without any loss of generality, the Warburton relationships (Warburton
1982), as shown in Figure 3.14, are adopted to compute the optimal stiffness and damping
coefficient of the TMD:
kTMD,h = mTMDαWB(2pin0,h)
2 (5.5)
cTMD,h = 2mTMDγWB(2pin0,h) (5.6)
where αWB =
√
1 + µ/2/(1 + µ) and γWB =
√
µ(1 + 3/4µ)/[(1 + µ)(1 + µ/2)].
5.5 Cost models
To compute the normalized lifetime costs, a cost model is needed. During the preliminary
design stage the initial cost of the structure may be plausibly assumed as a percentage αs
of the mass of the structural steel elements Ms (Hasançebi 2017):
C0,s = αsMs (5.7)
An average coefficient αs = 1.07 is computed by using the data reported in (Hasançebi
2017).
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Figure 5.14: Schematic plan view of the building considering the torsional rotation ψ with the
indication of torque-induced displacements along each side (a), reference and border perimeters
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Figure 5.16: An example of a PACT graph showing upper and lower bound repair cost data.
The initial cost of the TMD may reasonably be assumed dependent on the initial construc-
tion cost C0,s :
C0,cs = αcsC0,s (5.8)
where αcs = 0.2% is adopted. In practical cases, the cost of the control device is known
from the supplier. For the purpose of this analysis the cost value is chosen through a
sensitivity analysis in order to recover the initial monetary capital spent in less than 10
years. Indeed, the repair cost over time due to the presence of the TMD decreases but at
time 0 (construction time) the TMD installation cost increases the invested capital.
For each nonstructural element a unit cost is defined to which the fragility curve is referred.
The unit costs Cj in Equation (4.38) are taken by FEMA (FEMA-P-58 2012a). In (FEMA-
P-58 2012a), a lower and an upper bound for the unit repair costs of each nonstructural
element are suggested. The lower bound is usually adopted when a significant number of
elements must be repaired while the upper bound is selected when a limited number of
elements must be repaired (FEMA-P-58 2012d). Figure 5.16 illustrates an example of the
repair cost associated to a specific nonstructural components, as a function of different
units. In the present application, given the large number of units present throughout the
building, the upper bounds are chosen. The unit cost values correspond to: Cj = 2200USD
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Table 5.5: Number of units and normalized unit costs for non-structural elements
Element nˆx(z) nˆy(z) nˆa(z) cj [10
−4]
Partition walls 3 3 − 2.3
Suspended ceilings − − 5.9 3.5
Glass façades 31 46 − 1.7
Table 5.6: Parameters adopted for the cost analysis
PARAMETER VALUE
Mean arrival rate per unit time ν 1
Discount factor λ 0.05
Number of Monte-Carlo samples Ns 10000
(US dollars) for drift-dependent damage to partition walls, Cj = 3300USD for acceleration-
dependent damage to suspended ceilings and Cj = 1700USD as concerns drift-dependent
damage to glass façades. The number of interior walls and suspended ceilings units (nˆx(z),
nˆy(z), nˆa(z)) and the corresponding costs cj normalized with respect to the cost of the
structure C0,s are presented in Table 5.5. The unit numbers are differentiated for the two
main directions to take into account the side ratio of the building. The cost estimation
described in Section 4.8 is carried out by Monte-Carlo sampling. The parameters that are
employed for the cost analysis are summarized in Table 5.6 (Cui and Caracoglia 2015).
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Numerical results
6.1 Introduction
This section shows the main results of the numerical simulations obtained by using the
LCCWD approach. All the results are illustrated separately for each face of the building,
as described in Section 5.3. For the sake of simplicity, direction x refers to face B as con-
cerns the glass façade or Bˆ for partition walls, direction y refers to face A (glass façade)
or Aˆ (partition walls). The faces distinction is clarified in the plan view of the building in
Figure 5.14. Moreover all the intermediate results from here onwards are associated with
one of the N th wind tunnel data segments (see Section 4.4.1).
According to Section 4.9, this Chapter summarizes all the investigated design alternatives
and it is organized as follows:
Section 6.2 refers to the preliminary design configuration. Some results in terms of struc-
tural response (IDR and a) are shown. Some parametric analyses are developed in order
to assess the influence of the building's natural frequencies.
Section 6.3 explores different building orientations and summarizes the results in terms of
damage probabilities and life-cycle cost for each design solution.
Section 6.4 compares the uncontrolled solution (w/o TMD) and the controlled solution
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(with TMD) in terms of structural responses, damage probabilities and cost analyses.
Section 6.5 investigates different design configurations for indoor nonstructural elements.
The cost-based results highlight the importance of choosing the destination of use of the
building and, consequently, the distribution of nonstructural elements. Section 6.6 presents
the chart of the LCCWD final results.
6.2 Preliminary design configuration
As described in Chapter 5, the initial nonstructural elements configuration is character-
ized by: glass façades, which are considered uniformly distributed along the height of the
building; interior partition walls and suspended ceilings, which are considered uniformly
distributed on each floor. The choice of materials, the shape of the building, the destina-
tion of use and the height of the building are considered as input data.
The uncertainties related to the experimental load, as described in Section 4.4.1, are taken
into consideration by evaluating the term f [EDP |Vref , θ] in Equation (4.32). This term
represents the PDF of the selected EDP , i.e. the interstory drift ratio (IDR) or the ac-
celeration (a), conditional on the reference mean-wind speed (defined within the hazard
intensity interval), on the relative mean-wind incidence angle θ and depending on the
building orientation. As an example, Figure 6.1a) presents the probability density func-
tions of the IDR in x direction with reference to the partition walls (face Bˆ) evaluated for
Vref = 40m/s and the building orientation θ + δ = 0
◦ (wind that blows from the North).
The corresponding fragility curve is also plotted in the figure. Figure 6.1b) illustrates the
comparison between the numerical PDF, postulated from a log-normal distribution model,
and the experimental PDF, found from the wind tunnel experimental loads by data pars-
ing, at Vref = 40m/s. The close proximity between the interpolated probability curve and
the experimental points validates the adoption of the log-normal distribution model for
the variable IDR. This choice possibly best fits the N peak responses, obtained from the
corresponding N generalized fluctuating force spectra, which are evaluated by sampling
the pressures and load time histories from the wind tunnel experiments, as described in
Section 4.4.1. In order to validate the LCCWD procedure (presented in Chapter 4), some
intermediate results are computed. First results are shown in terms of maximum peak
acceleration and maximum displacement. First, Figure 6.2 illustrates an example of top
floor IDR for all relative incidence angles θ for δ = 0. The reference axes and the rotation
angles are consistent with Figure 4.3. As expected, the figure suggests the symmetry of the
structural response in terms of IDR, given the rectangular floor plan of the building. Very
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Fig. 6.1: f(EDP, Vref,θ) for direction x in the case of (θ + δ = 0
◦): a) f [EDP |Vref =
{40} m/s] and partition walls fragility curve; b) numerical PDF, f [EDP |Vref = 40 m/s], vs.
experimental points.
small differences between symmetrical angles are possibly related to small experimental
wind tunnel measurement inaccuracies. By considering the mode shapes, as specified in
0 45 90 135 180 225 270 315 360
Relative mean-wind incidence angle  [°]
2
4
6
8
To
p 
flo
or
 ID
R
10-4 a)
direction x
direction y
0 45 90 135 180 225 270 315 360
Relative mean-wind incidence angle  [°]
0.023
0.024
0.025
0.026
0.027
To
p 
flo
or
 a
b)
Fig. 6.2: Peak top floor IDR (a) and a (b) for directions x, y (local coordinate system) with
Vref = 40 m/s, as a function of the relative mean-wind incidence angle (0
◦ ≤ θ < 360◦).
Equations (4.17), (4.18) and (4.21), Figure 6.3 shows the IDRs and the accelerations at
a generic floor identified through the vertical coordinate z. Figures 6.3a)-b) refer to the
interstory drift of glass façades (IDRgf ) and partition walls (IDRpw), respectively. Figure
6.3c) refers to the acceleration of suspended ceilings (accsc).
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and (b) partition walls (IDRpw) for directions x, y (local coordinate system) and (c) suspended
ceilings (accsc) with Vref = 40 m/s and building orientation θ+ δ = 0
◦ (wind that blows from
the North).
6.2.1 Parametric analysis on building's natural frequencies
The design configuration procedure involves the assumption of the fixity at the base of the
foundation and therefore, both the flexibility of the foundation and the compressibility of
the sub-soil are neglected. In principle, the superstructure-foundation-soil interaction and
the uncertainties related to the modeling of the building may give rise to possible variation
in terms of structural and dynamic properties.
In this context a parametric analysis is carried out by modifying the fundamental fre-
quencies of the tall building maintaining constant the ratio between the principal natural
frequencies in x and y directions n¯ = nx/ny. Hence the frequency nh (h = x, y) is modified
with a multiplicative coefficient αn from 0.8 to 1.2, with step increments of 0.1. Figures 6.4
and 6.5 present the results in terms of peak top floor IDR and a for each Vref within the
hazard interval for different fundamental frequencies of the structure, i.e. different αn. The
building orientation is set to θ+ δ = 0◦ (wind that blows from the North). In this specific
case the axis x corresponds to the alongwind direction while axis y to the acrosswind one.
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It can be noted that a more flexible structure leads to larger values of the IDR, as clearly
shown in Figure 6.4a). Hence, larger values of damage probabilities and costs are expected
to reach a selected performance level. Instead, in the acrosswind direction, within certain
values of Vref (approximately between 30 and 50 m/s), the phenomenon is less pronounced
(Figure 6.4b). This trend is confirmed in Figure 6.5(a) where the variation of the top floor
acceleration with the principal lateral frequencies, suggests that the maximum value of a
does no correspond to the larger flexibility. This effect is highlighted in Figures 6.5b),d)
and it is probably due to the fact that specific values of the mean-wind velocity intensifies
the vortex shedding phenomenon (see Section 3.2.2) in the acrosswind direction.
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Fig. 6.4: Peak top floor IDR for directions x (a) and y (b) as a function of αn and Vref .
Aeroelastic effects are approximately accounted for by the quasi-steady formulation. Nev-
ertheless unsteady theory may be necessary to account for non-linear effects due to severe
vortex shedding, i.e., modification in the aerodynamic damping (Mannini et al. 2011; Poz-
zuoli et al. 2013; Huang et al. 2013; Marukawa et al. 1996; Vickery and Steckley 1993;
Hayashida et al. 1992). These effects may become important for super-tall buildings with
low mass and low frequency.
In addition, the procedure mainly addresses experimental errors in the wind load spectra
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(Section 4.4.1). It is worth noticing that uncertainty may also consider measurement er-
rors in the static aerodynamic coefficients, which may be used to adjust the aerodynamic
damping effect, beneficial or detrimental in some cases (Le and Caracoglia 2017). In this
respect, the results in terms of peak response are probably conservative. However, results
are acceptable from the point of view of the life-cycle cost assessment whose goal is the
comparison between different solutions.
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Figure 6.6 shows the top floor annual damage probability as a function of αn for the
selected nonstructural elements. From the figure it can be noted that, both for drift-
dependent (Figures 6.6a,b) and acceleration-dependent elements (Figure 6.6c), the annual
damage probability decreases as the stiffness of the structure increases.
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Fig. 6.6: Top floor annual damage probability Pj associated with Vref = 40 m/s as a function
of αn: (a) partition walls (x,y direction); (b) glass façades (x,y direction); (c) suspended
ceilings.
6.3 Choice of the building orientation
The site wind exposure is an important aspect that should not be neglected. Hence,
by accounting for the probability distribution of the wind direction, the life-cycle cost is
evaluated as a function of both lifetime and building's orientation angle. The results of
the LCCWD procedure could provide useful information to the designers and assistance
to the selection of the orientation that minimizes the total life-cycle cost. Without loss of
generality the influence of wind exposure of a specific site on building's design is examined
in order to find the best cost-saving structural solution.
6.3.1 Damage probability results
It is convenient to decompose the calculation of the damage probability by separately con-
sidering each relative wind incidence angle θ.
Figure 6.7 shows the top floor annual damage probability Pj for each unit of the selected
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nonstructural element with Vref = 40 m/s, as a function of the relative mean-wind inci-
dence angle 0◦ ≤ θ < 360◦. Inspection of the results in Figure 6.7 confirms the symmetry
of the damage as already seen with regard to the structural response as a function of θ.
A considerable difference is noted between the damage along the two principal axes of the
0 45 90 135 180 225 270 315 360
Relative mean-wind incidence angle  [°]
0
0.5
1
1.5
2
2.5
3
3.5
to
p 
flo
or
 P
j
10-11 a) Glass facades
direction x
direction y
0 45 90 135 180 225 270 315 360
Relative mean-wind incidence angle  [°]
0
0.8
1.6
2.4
3.2
4
to
p 
flo
or
 P
j
10-3 b) Partition walls
direction x
direction y
0 45 90 135 180 225 270 315 360
Relative mean-wind incidence angle  [°]
0
0.5
1
1.5
2
2.5
3
3.5
to
p 
flo
or
 P
j
10-7 c) Suspended ceilings
direction x
Fig. 6.7: Top floor annual damage probability Pj associated to each unit element with
Vref = 40 m/s as a function of the relative mean-wind incidence angle 0
◦ ≤ θ < 360◦: (a)
glass façades (curtain walls) for direction x (face B) and direction y (face A);(b) partition
walls for direction x (face Bˆ) and direction y (face Aˆ); (c) suspended ceilings.
building, with higher annual damage probability values observed along the shorter side
(principal building axis x) due to larger values of the associated IDR. Moreover partition
walls are the more relevant damage-sensitive elements. This result depends on the fragility
characteristics chosen for each type of nonstructural element (Section 5.3).
Subsequently, the building orientation can be introduced and the annual damage proba-
bility is evaluated according to Equation (4.32); results are plotted in the polar graphs of
Figure 6.8. From the examination of this figure, it is concluded that:
 in Figures 6.8 a),b) the annual damage probability is larger along the principal build-
ing axis x. This is due to the fact that drift-dependent damage (Eq. 4.32) is more
relevant for the x direction, as exhibited in Figure 6.2;
 in Figure 6.8 c) the dependence on the building orientation is highlighted (different
values of the damage probability by varying δ).
6.3.2 Orientation-dependent damage cost accumulation results
As described in Section 4.8 the damage cost accumulation is assessed by simulating the
number of wind storm events as a Poisson process between time 0 and the time t (in years).
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a) b) 
c) 
Fig. 6.8: Top floor annual damage probability for glass façades (a), partition walls (b) for
direction x and direction y and suspended ceilings (c) as a function of the building orientation
angle δ.
The arrival times of each storm, tl, are simulated as uniformly distributed over the time
interval by Monte-Carlo sampling. The parameters that are employed for the cost analysis
are described in Section 5.5.
Figure 6.9 illustrates the numerical results of the cost analysis. The expected normalized
intervention and repair cost (i.e. t = 50) is separately presented for the two principal
building axes (directions) for each damage state under investigation. Consistently with
the damage analysis, larger damage probabilities along the x principal axis induce higher
values of the expected life-cycle cost and more significant variations depending on the
building orientation angle δ. In order to determine the best building orientation, the total
combined cost is evaluated by cumulating the effects in the x and y directions for all the
faces, for each damage state and for each floor. Figure 6.10 illustrates the total life-cycle
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Fig. 6.9: Expected value of the life-cycle cost as a function of the building orientation δ for
t = 50 years, along the two principal axes: (a) galss façades ;(b) partition walls; (c) suspended
ceilings.
cost, cumulating the costs along both building axes, for various lifetimes (return periods
in years): 1, 20, 50, 100. As expected, the cost increases with time even though the
curves maintain the same shape as a function of building orientation angle δ, according
to Equation (4.35). The three dimensional graph in Figure 6.11 shows the total life-cycle
cost as a function of time and building's orientation.
According to Equations (4.35)- (4.37), the probability of exceeding a given damage state is
the same and, consequently, the curves presented in Figure 6.10 are qualitatively the same
at various years t, since the curves are simply translated along the vertical axis because
of accumulation of damage over time. This aspect is more clearly clarified in Figure 6.11.
As reported in Section 4.8, this is consistent with the hypotheses used by Wen (2001) and
Wen and Kang (2001) in the original model.
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Considering all damage states and the specific case study, it is quite clear that the total
expected cost has a minimum value at δ = 90◦, as confirmed in Figures 6.10 and 6.11. This
result clearly depends on the selection of the geographical location and, consequently, on
the wind exposure of the site, which is influenced by the empirical reconstruction of the
probability density function of the mean-wind direction. The cost variations observed in
the previous figures are influenced by the relative differences in the damage probability,
which in turn depend on δ and on the empirical PDF of the mean-wind direction, f(θ+ δ)
in Equation (4.32).
0 45 90 135 180 225 270 315 360
Building orientation  [°]
0
0.004
0.008
0.012
0.016
Ex
pe
ct
ed
 L
CC
t=1
t=20
t=50
t=100
Fig. 6.10: Expected total life-cycle cost, normalized according to Equation (4.39), as a
function of the building orientation angle δ and for various lifetimes t (years).
6.4 Design of the structural control systems
As introduced in Section 5.4, the considered control system is composed of a bidirectional
TMD, installed at the building's top floor.
Comparative numerical results are reported in this section by considering the controlled
configuration (with TMD) and the uncontrolled case (w/o TMD) for the best building
orientation. According to the previous Section, the best building orientation is assumed
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(4.39), as a function of the building orientation angle δ and for various lifetimes t (years)
equal to δ = 90◦. The TMD characteristics are defined in Section 5.4.
6.4.1 Uncontrolled and controlled building response
Figure 6.12 illustrates an example of the top floor peak lateral displacements and accelera-
tions obtained with a single wind tunnel load realization i = 1, normalized with respect to
the uncontrolled case. Results correspond, at full scale, to the reference mean wind speed
Vref = 40 m/s and to the direction θ = 0
◦, orthogonal to the building face of dimension
D = 45 m and parallel to the local horizontal axis x (Figure 4.3). In presence of TMD, the
peak response components are reduced by about 20% to 40%. Similar results have been
found at other Vref but are not reported for the sake of brevity. As expected, the TMD
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Di,x,H Di,y,H ai,H 
Fig. 6.12: Top floor peak response (x -displacements, y-displacements, acceleration) obtained
for i = 1, Vref = 40 m/s (at full scale) mean-wind incidence angle θ = 0
◦ and building
orientation 90◦, normalized with respect to the uncontrolled case.
devices are very efficient in eliminating both the buffeting load and wake excitation effects.
6.4.2 Damage probability results
Figures 6.13, 6.14 show the annual damage probabilities for a unit element of partition
walls, glass façades (separately analyzed along x and y lateral directions) and suspended
ceilings. The annual damage probabilities are computed by accounting for the local wind
climate probability distributions (joint PDF of mean wind speed and direction) at the site
of the structure (data are reported in Section 5.2). The results are presented as a function
of the height above ground z and compared for the cases in presence and in absence of
the TMD. Damage probabilities are the same for all elements located on the same floor.
In general, the annual damage probabilities increase with floor elevation (height z), as
they are linked to the trends of both interstory drifts and accelerations which become
more pronounced at higher z due to the power-law mode shapes. The annual damage
probabilities are significantly reduced by the presence of TMDs. Reductions of about 60%
and 50% are noticeable for the damages to the partition walls (Figures 6.13a-b) and glass
façades (Figures 6.14a-b) of the upper floors in the x and y directions, respectively. A
strong reduction can be also observed for acceleration-induced damages at the top floor
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(Figures 6.14c).
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Fig. 6.13: Annual damage probability as a function of the floor height (z): a) partition walls
(x direction); b) partition walls (y direction).
6.4.3 Cost accumulation results
In this Section, the life-cycle expected investment cost, accounting for wind-induced dam-
age and intervention/repair cost, is illustrated. The total cost is evaluated as the sum, over
all the floors, of drift-related costs and acceleration-related costs. Figure 6.15a) summa-
rizes the evolution of the expected total cost value, normalized according to Equation 4.39
as a function of the lifetime and for the system with and without TMD. Estimation is
carried out by Monte-Carlo sampling with L(t) being a Poisson process with mean arrival
rate equal to ν = 1 event per year at the selected site (Section 5.5). The discount rate
employed is λ = 0.05 (Section 5.5). It is noted that the normalization in Equation 4.39 is
selected to highlight the relative differences between the two solutions; even though actual
monetary values are dependent on the absolute value of the building estate, it is believed
that this choice of normalization is particularly suitable during initial design as may pro-
vide assistance to the owner or the decision maker. Although the installation of the TMD
induces a discontinuous step (cost increment) at t = 0, its presence provides a reduction
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Fig. 6.14: Annual damage probability as a function of the floor height (z): a) glass façades
(x direction); b) glass façades (y direction); c) suspended ceilings.
of damage occurrence and, consequently, a diminution of the intervention costs during
the lifetime. Inspection of Figure 6.15a) reveals that, beyond a certain time duration
(designated as Break-even time, BET), the adoption of the TMD becomes economically
advantageous; the overall relative reduction of the investment cost progressively increases
and is quantified around 40% at t = 100 years.
Figure 6.15b) reports a second example of calculation of the total expected normalized cost
as a function of the lifetime. In this second case the TMD is installed 10 years after the
building opening. Since a discounted initial cost of the TMD at t = 0 must be considered in
the cost accumulation (Wen 2001; Wen and Kang 2001), the term C0,cs in Equation 4.39 is
substituted with C0,cse
−λt. It can be observed that the installation of the TMD after some
time is not as advantageous as before, since the BET significantly increases in comparison
with the case of installation at t = 0 and the cost overtime is not greatly reduced with
respect to the uncontrolled case; this aspect depends on the choice of c0,cs.
6.4.4 Parametric analyses on the variation of the cost model parameters
In the first part of the analysis, the initial installation cost (C0,cs) of the TMD devices is
assumed as a deterministic quantity and it is set equal to a fixed percentage of the initial
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Fig. 6.15: Comparison between the expected values of the total life-cycle cost, accounting
for wind-induced damage and intervention/repair cost, with and without TMDs: a) TMDs
installed at t = 0 years; b) TMDs installed t = 10 years after building construction/opening.
structural cost, i.e. c0,cs = C0,cs/C0,s = 0.2%. This cost value is in line with the discussion
in Section 4.8. To investigate the effect of the TMD installation cost, a parametric analysis
is subsequently carried out by varying c0,cs between 0.2% and 0.6%. Figure 6.16 illustrates
the expected normalized investment costs as a function of lifetime for different initial in-
stallation costs of the TMD. If c0,cs increases, the BET increases, as the time duration
for which the initial investment is amortized, becomes longer. Figure 6.17 summarizes the
BET values as a function of c0,cs.
These considerations can be useful in the design phase since c0,cs becomes a design pa-
rameter to reach the best cost-saving solutions. On the basis of this consideration, as the
cost of the TMD varies, BET becomes a key element for the best choice between different
proposed solutions, for example, by different companies.
The mass ratio µ is a significant design variable of the TMD (Section 5.4) and in most
applications the mass ratio is designed to be in the range of 1 to 10%. When the mass
ratio increases, the TMD becomes more effective but an increased weight at the top of the
building could cause high stress values, especially to the columns on the lower floors of the
building. Moreover, an increase of the TMD mass corresponds to an increase in the terms
of cost of the TMD. Interpolating cost data of TMDs with different mass ratios reported in
Wang et al. (2016), a step cost increment of 1.2 is considered corresponding to an increase
of 0.1% of µ. The TMD parameters and the normalized cost values with different µ are
reported in Table 6.1.
As an example, Figure 6.18 illustrates the peak top floor IDR for directions x and y and
the peak top floor a for different µ: from 0.01 to 0.03. From the Figures it is quite clear the
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Fig. 6.16: Total normalized lifetime cost, accounting for wind-induced damage and interven-
tion/repair cost, for different values of c0,cs = C0,cs/C0,s.
fact that to the increase of µ corresponds a slight reduction in terms of structural response.
The same trend is observed in Figure 6.19 as concerns the annual damage probability.
Figure 6.20 reports the total normalized lifetime investment costs by varying µ. The in-
spection of this Figure suggests that the cost increase is more relevant than the reduction
of the structural response, for higher values of µ. Indeed, for values of µ between 0.01 and
0.02 no substantial variations in terms of cost are appreciated. Instead, for µ higher than
0.02, cost increases are significant enough to shift BET to the right until the installation of
the device is no longer advantageous (µ = 0.03). Considering these results it is reasonable
to assume µ = 0.02.
The effect of the discount rate λ on the cost estimation is studied through a parametric
analysis. Table 6.2 summarizes the main results of this investigation and shows the ex-
pected normalized total cost for different lifetimes (t = 10 years, t = 50 years and t = 100
years), with and without installation of the TMD. As λ increases, it is observed a decrease
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Fig. 6.17: Break-even time (BET) as a function of the initial normalized cost of the TMDs,
c0,cs = C0,cs/C0,s.
in the expected total cost, more pronounced for greater lifetimes. A non-negligible diminu-
tion of about 30% is noted at t = 100 years if the discount rate is increased from λ = 0.04
to λ = 0.06 with TMD system being installed.
Finally, Table 6.3 presents the separate contributions of the various damage types to the
total normalized lifetime costs, for t = 50 years. In particular, the cost related to wind-
induced damage to partition walls in x and y directions (cpw,x, cpw,y) and the cost related
to the damage of suspended ceilings (csc) are separately reported. As previously observed,
Table 6.1: TMD parameters by varying the mass ratio µ
µ Frequency ratio Damping ratio c0,cs[10
−3]
0.01 0.9926 0.049 0.3
0.012 0.9911 0.054 0.5
0.014 0.9896 0.059 0.7
0.016 0.9882 0.063 0.9
0.018 0.9867 0.067 1.4
0.02 0.9853 0.070 2
0.022 0.9838 0.074 2.9
0.024 0.9824 0.077 4.1
0.03 0.9781 0.086 12.4
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Fig. 6.18: Peak top floor IDR for directions x (a) and y (b) and peak top floor a (c) with
respect to µ (Vref = 40 m/s).
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Fig. 6.19: Top floor annual damage probability for partition walls (a), glass façades (b) for
directions x and y and suspendend ceilings (c).
the damage (i.e. intervention cost) related to suspended ceilings and glass façades is smaller
than the one observed for partition walls. These results are not generalizable as they are
based on the unit costs suggested by the FEMA guidelines and as they strictly depend
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Fig. 6.20: Total normalized lifetime investment costs, accounting for wind-induced damage
and intervention/repair cost, for different values of µ.
Table 6.2: Total normalized investment cost as a function of the discount rate λ for different
lifetimes (note: t10, ten years; t50, fifty years; t100, one hundred years).
λ = 0.04 λ = 0.05 λ = 0.06
t w/o TMDs with TMDs w/o TMDs with TMDs w/o TMDs with TMDs
t10 0.0059 0.0052 0.0056 0.005 0.0051 0.0049
t50 0.0165 0.0091 0.0132 0.0083 0.0119 0.0079
t100 0.0176 0.0143 0.0141 0.0091 0.0113 0.0085
on the selected building. More investigation is possibly needed to better quantify the unit
costs along with their estimation uncertainty. This item is beyond the scope of this study
but may possibly be considered in future investigations.
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Table 6.3: Total normalized life-cycle cost disaggregation for t = 50 years (note: cpw,x,
partition walls in x direction; cpw,y, partition walls in y direction; csc, suspended ceilings).
cgs,x10
−4 cgs,y10−4 cpw,x cpw,y csc10−4
w/o TMDs with TMDs w/o TMDs with TMDs w/o TMDs with TMDs w/o TMDs with TMDs w/o TMDs with TMDs
0.135 0.007 .015 0.0002 0.01 0.006 0.003 0.0013 0.16 0.004
6.5 Design of nonstructural components
While glass façades are usually uniformly distributed over the building surface, the distri-
bution of internal divisions can be considered related to the destination of use of a specific
area inside the building. Consequently, considering the sensibility to the damage of non-
structural components, this aspect should be not neglected and it needs to be considered
as a part of the design process. Once chosen the main characteristics of the building, the
best building orientation and the adequate control system (previous steps), it is possible
to investigate different design solution for nonstructural elements.
6.5.1 Indoor spaces distribution
The distribution of indoor spaces is linked to the destination of use of each setting. With
the main objective of comparing different design alternatives, three destination of use
groups are examined:
1. G1: sport area or relax area;
2. G2: meeting/conference area (open space);
3. G3: office area.
The sport/relax area is characterized by a central open space with separate rooms (fitness
and changing rooms) distributed along the perimeter of the building (Figure 6.21). The
meeting/conference area is composed of an open space with a minimal number of private
rooms (Figure 6.22). The office area is developed with head offices distributed along the
perimeter and employees offices clustered in the building core (Figure 6.23). Suspended
ceilings are used for indoor areas that do not have windows and do not enjoy natural light
and for open spaces that accommodate at same time many people (Workplace Standards
and Guidelines for office space). The numbers of unit element for each group are summa-
rized in Table 6.4.
Assuming the hypothesis that at the request of the client there is the need for 1 confer-
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Fig. 6.21: Group 1 internal nonstructural components distribution (G1).
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Fig. 6.22: Group 2 internal nonstructural components distribution (G2).
ence area (G2) and 1 relax area (G1) at least every ten floors, two different distributions
are compared:
 A): G1 group is considered for floors 9-19-29-39-49-59, G2 group for floors 10-20-30-
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Table 6.4: Nonstructural components number of units
Group nˆx(z) nˆy(z) nˆa(z)
G1 1.8 3 3
G2 1 0.9 5
G3 10 7.8 1.9
40-50-60 and G3 group for floors 1:8, 11:18, 22:28, 32:38, 42:48, 52:58.
 B): G1 group is considered for floors 20:22, 55:57, G2 group for floors 23:25,58:60
and G3 group for floors 1:19, 26:54.
Figure 6.24 shows the total normalized lifetime expected costs, accounting for configura-
tions A and B with respect to the initial design alternative described in Section 5.3. On
the one hand it is clear that the location of areas with open spaces (G1 and G2) within the
height of the building is not particularly influential. On the other hand, since the partition
walls are particularly damage-sensitive, the increase in terms of numbers of units (Table
6.4) significantly contributes to the cost increase. This aspect confirms that the destination
of use of a given area and consequently the distribution of nonstructural elements that are
particularly damage-sensitive, can significantly influence the final design.
Figure 6.25 confirms the fact that the use of a control device like the TMD reduces costs
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Fig. 6.24: Total normalized lifetime expected costs, accounting for the two different config-
urations of non structural elements (A,B) with respect to the initial one.
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over time (Figure 6.25a). However, this assumption is tied to the initial cost of the device
which should generally not exceed a certain percentage of the initial construction cost, as
highlighted in Figure 6.25b).
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Fig. 6.25: Comparison between the expected values of the total investment cost, accounting
for wind-induced damage and intervention/repair cost, with and without TMD: a) c0,cs =
0.002, b) c0,cs = 0.002, 0.01, 0.02.
6.6 LCCWD global results
According to Section 4.10 the LCCWD chart of the global results is here summarized. The
comparative results are function of:
1. the design configuration (DC);
2. the expected cost evaluated for a lifetime of 100 years, calculated as described in
Section 4.8;
3. parameters that characterize the control system: c0,cs and the time BET.
As a summary report, the following DCs (deeply investigated in previous Sections) are
explored:
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 different orientation by rotating the building between 0◦ and 360 with step increment
of 22.5;
 controlled configuration for the best building orientation in the case of TMD installed
at the top floor at the initial construction time, i.e. DC = 90◦cs(0). ;
 controlled configuration for the best building orientation in the case of TMD installed
at the top floor after 10 years from the building construction7opening, i.e. DC =
90◦cs(10);
 controlled configuration for the best building orientation in the case of TMD installed
at the initial construction time by varying the initial cost of the TMD, i.e. DC =
90◦cs(0). The column c0,cs identifies the different values of the initial costs. As
underlined in Section 6.4.4 these alternatives are a key element for the best choice
between different proposed solutions, for example, by different companies;
 different configuration for indoor nonstructural element distribution, i.e. DC = 90◦
A or B;
 controlled configuration for alternative B, i.e. DC = 90◦Bcs(0).
The main advantage of this approach is the possibility to explore different solutions that
are easily comparable. The inspection of the global LCCWD chart in Figure 6.26 allows
to:
 directly compare different design solutions on the basis of a common parameter, the
expected life-cycle cost;
 create a connection between the designer and the stakeholder by putting together
the methodology and an adequate representation of the results also suitable for a
non-technical audience;
 choose between different alternatives by evaluating costs and benefits. For example,
on the basis of the best cost-saved solution DC= 90◦cs and c0,cs = 0.002 should be
selected;
 The client can decide whether the choice fully reflects his needs or if he wants to
find a solution that agrees with both the principle of minimum cost and the benefits
associated with a correct and complete usability of the construction over time.
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Conclusions
This chapter summarizes the most important conclusions of the thesis responding appro-
priately to the research questions stated in Chapter 1:
(a) it is possible to develop a life-cycle cost-based design method specific for tall buildings
that responds to the needs of designer and stakeholders in terms of decision-making quan-
tities that can be understood by both?
(b) how to account for all the uncertainties involved in the design process of tall buildings
under wind load with an acceptable computational effort?
In order to get answer to the research questions, a practical design approach named LC-
CWD (life-Cycle Cost Wind Design) is proposed, that is tailored to tall buildings subjected
to wind load.
Life-cycle cost approaches are widely used in the current practice of many disciplines for
choosing the most economic design solution, by comparing different alternatives.
As an example, in earthquake engineering local standards are spreading out in order to
give indication for the practical application of cost-based methodologies (Section 2.2.1).
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As underlined in section 2.6, the applications in wind engineering are still few and deal
with specific problems that make this design approach unattractive for the designers and
not very understandable for the stakeholders. The LCCWD method provides the basics
for using an automated design tool suitable for both parts.
7.1 Summary of the work
This research project is presented in 7 chapters. Chapter 1 presents the topic with the
main research questions and the main research objectives. Chapter 2 illustrates a literature
overview on LCCA for tall buildings also equipped with control devices and, upon the
identified shortcomings, the LCCWD improvements are also indicated. Chapter 3 shows
the basic theories on the characterization of the dynamic response of wind excited tall
buildings. Chapter 4 describes the LCCWD approach for all the steps of the analysis.
Chapter 5 illustrates the case study. Chapter 6 presents the numerical results by comparing
different cost-effective design solutions. Finally, Chapter 7 summarizes the thesis.
7.2 Main outcomes
The efficiency of the LCCWD approach is demonstrated by making use of a case study
of a 180-meters high rectangular building, for which wind tunnel data are available. In
order to minimize the computational effort, wind tunnel records are directly converted to
generalized forces, enabling the analysis in the frequency domain. Full-scale wind speeds
and direction data records are evaluated for the specific site location of the building. In
order to evaluate the influence of the orientation of the tall building, the empirical proba-
bility density functions of the annual maxima of wind speed and direction is numerically
reconstructed by processing experimental data.
Empirical structural fragility curves are selected from the FEMA database. Damage to
nonstructural elements of glass façades, partition walls and suspended ceilings are consid-
ered in the numerical application.
The control system consists in a bidirectional TMD, located at the elastic center of the
top floor of the building. The structural analysis is carried out considering non linear
mode shapes and torsional response. Costs related to both drift-sensitive and acceleration-
sensitive nonstructural components are evaluated and the beneficial contribution of the
TMD in reducing both types of damage is assessed in a life-cycle cost perspective.
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The main results of the numerical application can be summarized as follows:
 to establish the best orientation of the building for a specific geographic location;
 to account for wind directionality;
 to determine most appropriate types of nonstructural elements by comparing different
cost-based solutions;
 to provide indications about the possible use of the indoor spaces within the height
of the building in relation to the distribution of nonstructural components;
 to estimate the time, called Break-Even Time (BET), after which the initial costs
associated with the installation of the control system are absorbed, with a consequent
significant lifetime costs reduction.
As concerns the research questions, a positive answer to question (a) can be provided
considering that the final results of the procedure summarize in a clear and comprehensible
manner the complexity of the analyses carried out. The global chart represented in Figure
6.26 considers, for all the proposed design alternatives, the relevant information over the
period of analysis:
1. an identification code that describes the design configuration (DC);
2. the value of the expected cost calculated for a fixed lifetime;
3. parameters that justify the possible economic return (cost/benefit) to the expenses
of a higher initial investment (BET).
The common decision (designer/stakeholder) variable is expressed in monetary value (life-
cycle cost) and it is used as a parameter for comparison.
Based on the probabilistic PEER integral approach, the LCCWD allows to get answers
also to question (b) by taking into account the uncertainties related to:
 the wind modeling: the uncertainty associated with the aerodynamic load estimation
is efficiently taken into account by parsing the experimentally measured generalized
wind forces.
 the structural modeling (aerodynamic structural response): the structural response
is evaluated in probabilistic terms (PDF of EDP ).
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 the fragility models (probabilistic analysis of the damage associated to nonstructural
elements). LCCWD relates the probability of exceeding a specific wind-induced non-
structural damage state to the intervention and repair cost by incorporating specific
structural fragility functions for nonstructural components.
In Chapter 4 all the previous aspects of the LCCWD procedure are deeply investigated.
The LCCWD is useful and easily adaptable to real applications in order to choose the best
cost-based design solution on the basis of different alternatives that will simultaneously
meet the need of customers and designers. Many sources of uncertainties are taken into
account. Different design practical issues are explored. The long-term cost-effective aspect
related to the installation of a structural control device are taken into account.
With the LCCWD it is possible to accept or reject design alternatives and select optimal
and technically valid systems or decide for a particular structural control device that meets
specific cost-based technical performance.
7.3 Future developments
On the basis of the present work, with the challenge of making even more comprehensive
life-cycle cost-based design for tall buildings, some efforts are still necessary:
 since it is a general approach, LCCWD offer the base to develop large scale practical
applications with the future challenge to provide dedicated databases and bench-
marks (building's materials, geometry, shape and so on);
 given the lack of experimental campaigns to characterize the damage probability of
non-structural elements, it is of primary importance to develop a fragility database
(tool) regarding non structural components. Alternatively, specific studies on the
adaptability of the FEMA fragility curves, largely used in earthquake engineering,
need to be carried out;
 more complex models in the characterization of the wind effect on the building (for
example aeroelastic effects or modifications in the aerodynamic damping) can be
considered in the analysis;
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 non-linear behavior under the action of high intensity winds (for different geograph-
ical locations), can be included in the procedure;
 building deterioration (i.e. the building cannot be repaired back to its original con-
dition as time passes) can be considered. Under this hypothesis, damage probability
curves might be not conservative over time;
 wind borne debris models can be considered as a source of damage in the case of
strong wind events;
 the LCCWD procedure can be considered not only at the building level but also at
the neighborhoods level contributing to the "community resilience" of specific areas;
 real cost data can be introduced in the numerical analyses with the aim of increasingly
merging the two separate worlds of designers and investors.
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